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This is  the  f i n a l  r e p o r t ,  submitted i n  f u l f i l l m e n t  of t h e  

requirements of NASA Grant NGR 005 038 ( terminated on 3 0  September 1966) 

and t h e  J o i n t  Serv ices  E lec t ron ic s  Program (U. S .  Army, U. S .  Navy, and 

U. S .  A i r  

lev it a t e  d 

Force) under Cont rac t  No. DA 28 043 AMC 00073(E). 

Mat te rs  concerned wi th  va r ious  a s p e c t s  of t he  e l e c t r o s t a t i c a l l y  

gyroscope have previously been r epor t ed  i n  d e t a i l .  The r ecen t  
1 

a c t i v i t i e s  repor ted  here  have been concerned wi th  a s tudy of the  na tu re  

of e l e c t r i c a l  breakdown i n  u l t r a h i g h  vacuum, and some measurements d i r e c t l y  

r e l a t e d  t o  the  gyro development. 

The fol lowing t a s k s  were performed during the  period: 

1. Experimental  measurements were made on the  e f f e c t  of gas-condi- 

t i o n i n g  i n  suppress ing  f i e l d  emission c u r r e n t  and improving the  vo l t age  

hold ing  c a p a b i l i t i e s  of plane tungsten e l e c t r o d e s  i n  u l t r a h i g h  vacuum. 

By gas-condi t ioning the  e l ec t rodes ,  an improvement i n  the  breakdown 

v o l t a g e  by a f a c t o r  of 3 t o  4 was achieved.  A q u a n t i t a t i v e  exp lana t ion  

of t he  e f f e c t ,  i n  agreement wi th  experiment,  was developed. The theory 

and experimental  r e s u l t s  were repor ted  a t  the  Second I n t e r n a t i o n a l  

Symposium on I n s u l a t i o n  of High Voltages i n  Vacuum held a t  MIT on 

7 September 1966 and are p r i n t e d  in t h e  Proceedings of t h a t  A 

s h o r t  ve r s ion  of t he  r e p o r t  w i l l  appear as a Communication i n  t h e  Jou rna l  

of Applied Physics e a r l y  i n  1967. This work i s  descr ibed  i n  Appendix A.  
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2 .  Apparatus was constructed and experimental  work s t a r t e d  on t h e  

s tudy of t he  work func t ion  of por t ions  of a tungs ten  e m i t t e r  t i p  e x h i b i t i n g  

t h e  " f l i c k e r  e f f e c t "  i n  f i e l d  emission. This e f f e c t  may be r e l a t e d  t o  t h e  
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process  of formation of whiskers o r  protuberances on the e l e c t r o d e s  i n  high 

vac1ium. Severa l  observa t ions  were made on the  e f f e c t ,  bu t  due t o  the  lack 

of t i m e ,  no q u a n t i t a t i v e  measurements were obta ined .  The progress  of t h i s  

a c t i v i t y  is  ou t l ined  i n  Appendix B .  

3 .  The present  p i c t u r e  of t he  i n i t i a t i n g  mechanism of e l e c t r i c a l  

breakdown i n  u l t r a h i g h  vacuum is based upon the  observed f a c t  t h a t  m e t a l l i c  

protuberances e x i s t  on the  cathode. Two types of experiments were per-  

formed t o  a t tempt  t o  discover  the mechanism of formation of t hese  protuber-  

ances o r  whiskers .  I f  whiskers could be prevented from re-forming they  

could be e l imina ted  by the  gas-condi t ioning descr ibed  above and breakdown 

v o l t a g e s  could be r a i s e d  by one t o  two o rde r s  of magnitude. I n  Appendix 

C ,  t he  s t u d i e s  us ing  a f i e l d  emission microscope tube a r e  descr ibed ,  while  

i n  Appendix D ,  t h e  s t u d i e s  us ing  e l e c t r o d e s  in s ide  a shadow e l e c t r o n  

microscope a r e  d iscussed .  

Whiskers have been seen t o  appear and d isappear  i n  both s t u d i e s ,  

but con t r a ry  t o  our previous observat ions they were n o t  found t o  be pro- 

duced when the  e l e c t r o d e s  were operated i n  t h e  "unstable  c u r r e n t  mode." 

This  work is cont inuing in  order  t o  r e so lve  the c o n t r a d i c t i o n ,  wi th  

emphasis a t  the  moment on t h e  e l e c t r o n  microscope method. 

4 .  A t echnologica l  i nves t iga t ion  w a s  made of t h e  e f f e c t s  on the  

vo l t age -cu r ren t  c h a r a c t e r i s t i c s  of a t e f l o n  pad cemented t o  the  molybdenum 

e l e c t r o d e  of a molybdenum-beryllium p a i r  of plane e l e c t r o d e s .  The purpose 

of t h e  t e f l o n  is  t o  prevent  s cu f f ing  of t h e  gyro b a l l  i f  i t  i s  dropped 

onto  t h e  e l e c t r o d e s  while  spinning.  A q u a l i f i e d  conclusion of t hese  
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measurements is t h a t  under c e r t a i n  condi t ions  t h e  t e f l o n  but ton  has  no 

s i g n i f i c a n t  e f f e c t  upon these  c h a r a c t e r i s t i c s .  See Appendix E .  

5. A major e f f o r t  went i n to  developing phys ica l  explana t ions  of 

va r ious  a spec t s  of t h e  e l e c t r i c a l  breakdown problem. I n  a d d i t i o n  t o  

t h e  papers mentioned above, t h e  fol lowing papers were w r i t t e n  and a r e  

appended i n  Appendix F . 
a) "Field Emission from a M u l t i p l i c i t y  of E m i t t e r s  on a 

Broad Area Cathode," by H. E .  Tomaschke and D.  A lpe r t ,  t o  

appear as a Communication in  the  Jou rna l  of Applied Physics 

e a r l y  i n  1967. 

b) "The Role of Submicroscopic P ro jec t ions  i n  E l e c t r i c a l  

Breakdown," by H. E .  Tomaschke and D .  A lpe r t ,  completed i n  

f i n a l  form t o  be submitted t o  t h e  Jou rna l  of Vacuum Science 

and Technology. 

The fo l lowing  review paper was presented by D .  Alper t  a t  the  26th  Annual 

Conference on Phys ica l  Elec t ronics  a t  K I T  GS March 2 2 ,  1966: " E l e c t r i c a l  

Breakdown in  Ul t rah igh  Vacuum." 



APPENDIX A 

The E f f e c t  of Gas Pressure  on E l e c t r i c a l  

Breakdown and F i e l d  Emission 

E .  M.  Lyman, D .  A .  Lee, H. E .  Tomaschke and D .  A lpe r t  

One of the  s i g n i f i c a n t  consequences of t he  phys ica l  p i c t u r e  

f o r  t h e  i n i t i a t i o n  of e l e c t r i c a l  breakdown between m e t a l l i c  e l ec t rodes  

i n  u l t r a h i g h  vacuum, as previously r e p ~ r t e d , ~  has been the  development of 

a phys ica l  explana t ion  f o r  the  so -ca l l ed  "gas e f f e c t "  which has  o f t e n  

been noted bu t  h e r e t o f o r e  no t  understood. Severa l  au tho r s  5 ' 6 ' 7  have 

noted t h a t  when a gas w a s  introduced i n t o  the  vacuum system t o  a pressure  

of about  Torr ,  t h e  predischarge c u r r e n t s  were t y p i c a l l y  reduced and 
- 

t he  breakdown p r o p e r t i e s  improved. The observed e f f e c t s  were n o t  s t rong ly  

dependent upon t h e  n a t u r e  of t he  gas'; i n  p a r t i c u i a r ,  no s i g n i f i c a n t  d i f -  

f e r ences  were noted as between noble and molecular gases  of comparable 

mass. We have observed s i m i l a r  e f f e c t s  when gas is admit ted t o  systems 

con ta in ing  c l ean  tungs ten  e l e c t r o d e s .  

Since the  gap spac ings  in  most of the  above experiments were 

smaller than the  mean f r e e  path f o r  atomic c o l l i s i o n s ,  t h e  "gas e f f e c t "  

could n o t  r e a d i l y  be a t t r i b u t e d  t o  i n t e r a c t i o n s  i n  the  volume; y e t  an 

e f f e c t  s e n s i t i v e  t o  the  p re s su re ,  bu t  no t  t o  the  chemical na tu re  of the  

gas ,  seemed t o  be equa l ly  d i f f i c u l t  t o  a s c r i b e  t o  atomic i n t e r a c t i o n s  a t  

the  e l e c t r o d e  su r faces .  
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To exp la in  t h i s  so -ca l l ed  "gas e f f e c t , "  we assume as  a s t a r t i n g  

4 po in t  the breakdown model based on f i e l d  emission from submicroscopic 

p r o j e c t i o n s .  When gas i s  introduced,  the  s i g n i f i c a n t  decrease i n  f i e l d  

emission i s  he re  a t t r i b u t e d  t o  the s e l e c t i v e  s p u t t e r i n g  of t he  e m i t t i n g  

whiskers  by ions formed i n  the  volume by e l e c t r o n  bombardment of t h e  gas 

molecules.  

p r o b a b i l i t y  of s t r i k i n g  a given p ro jec t ion  would be very  small indeed, 

s i n c e  t h e  c ros s - sec t iona l  a r e a  of an  ind iv idua l  emitter l ies i n  the  range 

of However, as  is suggested by t h e  schematic r ep re -  

s e n t a t i o n  i n  F ig .  1, t h e  formation of ions by impinging e l e c t r o n s  is n o t  

uniformly d i s t r i b u t e d ;  on the  cont ra ry ,  it is  r e s t r i c t e d  t o  l o c a l i z e d  

reg ions  ad jacent  t o  the  emission s i t e s .  Hence, t hese  ions have a much 

h igher  p r o b a b i l i t y  of s t r i k i n g  the corresponding e m i t t i n g  p r o j e c t i o n ,  and 

they  do s o  wi th  s u f f i c i e n t  energy t o  cause s p u t t e r i n g  and thus  a change i n  

geometr ica l  shape. 

I f  t h e  ions were c rea t ed  uniformly i n  t h e  gap volume, t he  

2 t o  lo-'' cm . 

I n  view of t h e  complex dependence of t he  p r o b a b i l i t y  of ion iza-  

t i o n  on t h e  energy of c o l l i d i n g  e l e c t r o n s ,  it i s  no t  easy t o  make an  accu ra t e  

c a l c u l a t i o n  of t h e  number and d i s t r i b u t i o n  of t h e  ions formed i n  the  volume. 

However, it i s  poss ib l e  t o  make c e r t a i n  order-of-magnitude estimates which 

provide q u a n t i t a t i v e  suppor t  and added p l a u s i b i l i t y  f o r  t he  above p i c t u r e .  

Consider t he  fo l lowing  hypo the t i ca l  s i t u a t i o n ,  which i s  der ived  from a 

r a t h e r  t y p i c a l  experimental  observa t ion  (with tungs ten  e l e c t r o d e s ) .  For 

a broad a r e a  conf igu ra t ion  wi th  e l ec t rodes  of about 3 cm diameter and 1 mm 

gap spac ing ,  t he  breakdown vol tage  is approximately 60 kV, while  the  t o t a l  

c u r r e n t  j u s t  p r i o r  t o  breakdown i s  of t he  order  of 200 w A .  L e t  us  cons ider  

t he  ion product ion a t  some va lue  below breakdown, say  a t  an app l i ed  v o l t a g e ,  
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Radial distance (microns) 

Figure 1. 

Schematic r e p r e s e n t a t i o n  of s e l e c t i v e  ion bombardment of a 
one-micron (10-4 cm) p ro jec t ion .  Calcu la ted  

e q u i p o t e n t i a l s  are shown f o r  an average 
e l e c t r i c  f i e l d  of 5x105 volts /cm.  



VA, of 48 kV where the  emission c u r r e n t  i s  about 10 PA.  

( f o r  n i t rogen)  of Torr ,  the o v e r a l l  p r o b a b i l i t y  of forming ions i n  

the  volume by e l e c t r o n  c o l l i s i o n  is  es t imated  t o  be approximately 10 ions 

per  e l e c t r o n  f o r  the  above gap spacing. This  assumes an average ion iza-  

t i o n  e f f i c i e n c y  of about 10% of the maximum va lue ,  which i s  approximately 

10 ions/electron/cm pa th  length /Torr ,  f o r  an e l e c t r o n  energy of 100-200 eV. 

(The e f f i c i e n c y  drops off  considerably f o r  h ighe r  ene rg ie s . )  I f  the  

r e s u l t i n g  ion  c u r r e n t ,  10-lOA were uniformly d i s t r i b u t e d  over t he  e n t i r e  

cathode area, t h e  number of ions s t r i k i n g  u n i t  area per  second under these  

cond i t ions  would be about 10 ions/cm /sec .  This corresponds t o  the  

depos i t i on  of a monolayer of ionized gas i n  lo7 seconds,  i . e .  , i n  t he  

order  of months, and would n o t  r e s u l t  i n  r ap id  s p u t t e r i n g  of t he  e m i t t e r  

t i p s .  

A t  a pressure  

-5 

8 2 

The shape of a t y p i c a l  emi t t i ng  whisker can be approximated by 
- 1; 

a p r o l a t e  sphero id ,  as shown i n  Figure 1 , roughly 10 c m  i n  he igh t  and 

cm i n  base diameter .  Typica l ly ,  t h e  emi t t i ng  area is  some small  f r a c -  

t i o n  (a few percent )  of the base area, and, f o r  t h e  dimensions shown, the  

l o c a l i z e d  enhancement of the  e l e c t r i c  f i e l d  a t  t h e  t i p  is approximately 

100. 

e l e c t r o n s  t r a v e r s e  the  gap in  narrow p e n c i l - l i k e  beams , o r i g i n a t i n g  only 

a t  t h e  s h a r p e s t  p ro j ec t ions .  Furthermore, t h e  h ighes t  p r o b a b i l i t y  f o r  ion  

product ion l i e s  i n  t h e  po r t ion  of t h e  e l e c t r o n  t r a j e c t o r y  i n  which i t s  

energy is  of t he  order  of 100 e V ,  i .e . ,  i n  t h e  c y l i n d r i c a l  microvolume 

immediately above t h e  whisker and roughly of t he  same dimensions,  as 

shown schemat ica l ly  in  F igure  1. 

Hence, even al lowing f o r  the spreading  due t o  space cha rgeY8  t h e  
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When the  app l i ed  vol tage  is  80% of the  breakdown va lue ,  t h e  l o c a l  

7 f i e l d  a t  t he  e m i t t e r  t i p  i s  approximately 5x10 V/cm, while  t h e  average 

e l e c t r i c  f i e l d  wi th in  the  gap ( fo r  an enhancement f a c t o r  of 100) is  about 

5x10 V/cm. A s  i nd ica t ed  by the  c a l c u l a t e d  e q u i p o t e n t i a l s  superimposed i n  5 

Figure  1, t h e  e n e r g y  of the e l e c t r o n s  impinging on the n e u t r a l  gas 

molecules ranges from 50 eV a t  a d i s t ance  of 1.8X10-5 cm t o  100 e V  a t  

cm above t h e  e m i t t e r  t i p .  Corresponding energ ies  a r e  t r a n s f e r r e d  t o  

t h e  ions when they impinge on the  e m i t t e r  su r f ace .  A crude c a l c u l a t i o n  

i n d i c a t e s  t h a t  under these  condi t ions  of f i e l d  and gas pressure ,  t h e  

c u r r e n t  dens i ty  i s  s u f f i c i e n t  (8x10 A/cms ) t h a t  a s i z e a b l e  f r a c t i o n  5 2 

( s e v e r a l  percent )  of t h e  n e u t r a l  gas molecules e n t e r i n g  the  microvolume 

a r e  ionized.  I n  view of t h e i r  proximity,  a l a r g e  f r a c t i o n  of t hese  w i l l  

s t r i k e  the  p r o j e c t i o n ;  t he  r e s u l t i n g  ra te  of a r r i v a l  of e n e r g e t i c  ions a t  

t h e  e m i t t i n g  t i p  corresponds t o  t ens  of monolayers of gaseous ions per 

second a t  a pressure  of Torr .  

S ince  ene rg ie s  of 50 t o  100 e V  are q u i t e  s u f f i c i e n t  t o  cause 

s p u t t e r i n g  o r  s imilar  d i s l o c a t i o n  damage t o  the  e m i t t i n g  whisker ,  t h i s  

e f f e c t  can r e a d i l y  exp la in  a s i g n i f i c a n t  change i n  i t s  shape. Assuming a 

t y p i c a l  s p u t t e r i n g  e f f i c i e n c y  of a few percent ,  a measurable change might 

be expected wi th in  minutes.  It is  es t imated  t h a t  t h e  most r a p i d  change i n  

enhancement f a c t o r ,  B , under t h e  above condi t ions  occurs  f o r  p r o j e c t i o n s  

about one-micron high.  For  smal le r  p ro j ec t ions  , t h e  s p u t t e r i n g  ions  are 

no t  s o  s t r o n g l y  focused on t h e  t i p  s i n c e  they  a r e  c r e a t e d  f a r  from it;  

hence, f3 changes more slowly because t h e  s p u t t e r i n g  r a t e  i s  low. For 

l a r g e r  p r o j e c t i o n s ,  s i n c e  the  f r a c t i o n a l  r a t e  of removal of material i s  

roughly inve r se ly  p ropor t iona l  t o  the  l i n e a r  dimensions, t he  ra te  of 
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change of fl is a l s o  less than f o r  the  one-micron whiskers .  The exac t  r a t e  

of change of the  enhancement f a c t o r  would t h e r e f o r e  depend on the  s i z e  and 

shape of t he  p ro jec t ion ,  t he  gas and i t s  p res su re ,  the  ion iza t ion  pro- 

b a b i l i t y ,  and the s p u t t e r i n g  r a t e s  f o r  the ions and e l e c t r o d e  m a t e r i a l  i n  

ques t ion.  

Two experiments of a prel iminary na tu re  have been c a r r i e d  out  

t o  t e s t  the  q u a l i t a t i v e  conclusions presented above. I n  the  f i r s t ,  a 

small  tungsten e l e c t r o d e  w a s  i n s e r t e d  i n t o  a modified f ie ld-emiss ion  micro- 

scope,’ and t h e  app l i ed  vo l t age  ad jus ted  t o  g ive  a f ie ld-emiss ion  c u r r e n t  

of 10 A .  With the vo l t age  o f f ,  argon gas w a s  admit ted t o  a pressure  of 

about  ~ x I O - ~  Torr .  

c u r r e n t  reached i t s  former va lue  of 10 A .  With the  vol tage  he ld  cons t an t  

a t  t h i s  va lue ,  t h e  c u r r e n t  was observed t o  r ise  r a p i d l y  t o  a maximum value  

of about 10 A ( i n  a matter of a minute o r  less) and then  t o  decrease  more 

g radua l ly  t o  a new equi l ibr ium value of 2 o r  3x10 A .  The t i m e  e lapsed  

f o r  t he  e n t i r e  process  w a s  of the  order  of a few minutes.  I f  t h e  vo l t age  

was thereupon increased ,  t he  process would r e p e a t ,  a l though the  magnitudes 

of t h e  c u r r e n t  and t i m e  i n t e r v a l  might vary ,  depending on the  previous 

t rea tment  of the  cathode. 

-6 

The vol tage  was then r a i s e d  t o  t h e  va lue  a t  which the  

-6  

-5 

-7 

It seems reasonable  t o  pos tu l a t e  t h a t  t he  i n i t i a l  i nc rease  i n  

c u r r e n t  is  due t o  a sharpening of t h e  whisker by t h e  i n i t i a l  s p u t t e r i n g  a t  

g lanc ing  ang le s ;  t h e  subsequent decrease i n  c u r r e n t  is a t t r i b u t e d  t o  a 

more gradual  d u l l i n g  process a s  the  t i p  of t he  p ro jec t ion  i s  eroded away. 

Although changes i n  the  work func t ion  of t he  emi t t i ng  p r o j e c t i o n  might 
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a l s o  account f o r  the  changes i n  the  emission c u r r e n t ,  the  lack  of s e n s i -  

t i v i t y  of t he  e f f e c t  t o  the  chemical na tu re  of t h e  gas sugges ts  t h a t  t h i s  

is  no t  t he  dominant process .  

I n  t h e  second se t  of experiments t he  appara tus  included t h e  

3.5-cm diameter f l a t  e l e c t r o d e s  c u t  from a s i n g l e - c r y s t a l  tungsten boule  

and mechanically and e l e c t r i c a l l y  pol i shed ,  as d e ~ c r i b e d . ~  

a t  450 C and repea ted  breakdown runs i n  u l t r a h i g h  vacuum, the  breakdown 

vo l t age  approached a reproducible  va lue  of 36 kV 2 10% a t  a gap spacing of 

0 .71  mm. 

5.1X10 V/cm - + 10%. 

w a s  100 PA. The enhancement f a c t o r ,  8 ,  as deduced from t h e  Fowler- 

Nordheim p l o t s  w a s  a l s o  f a i r l y  reproducible  a t  8 = 126 - + 10% and the  

c r i t i c a l  f i e l d  F 

V/cm, i n  s u b s t a n t i a l  agreement with e a r l i e r  r e s u l t s .  

Af t e r  bakeout 

0 

Thus, a t  breakdown, the average f i e l d ,  Fo, i n  t h e  gap w a s  

5 The emission c u r r e n t  j u s t  below the  breakdown p o i n t  

7 = BFo a t  the emit ter  t i p s  a t  breakdown w a s  6 . 4 ~ 1 0  c r  it 

Argon gas w a s  then introduced i n t o  the  system t o  a pressure  of 

Torr  while  the  vo l t age  was held a t  28 kV. The i n i t i a l  c u r r e n t  of 

5 pA increased  immediately t o  10 PA, then f e l l  s lowly over a per iod  of 

s e v e r a l  hours t o  0.5 PA. The x-ray y i e l d  w a s  a t  a l l  times p ropor t iona l  t o  

t h e  c u r r e n t ,  showing t h a t  t h e  c u r r e n t  w a s  mainly due t o  e l e c t r o n s  having 

the  f u l l  gap energy. Addi t iona l  gas t rea tments ,  t o t a l i n g  about  15 hours ,  

f u r t h e r  suppressed t h e  c u r r e n t  t o  about  YL of i t s  o r i g i n a l  va lue ,  where it 

remained, o r  decreased s l i g h t l y  when the system w a s  evacuated. The enhance- 

ment f a c t o r  of t he  condi t ioned sur face  w a s  measured t o  be 90, wi th  a 

corresponding increase  i n  breakdown vo l t age  t o  41 kV. 

I n  a second type of experiment w i th  the  broad-area e l e c t r o d e s ,  

a f t e r  admi t t ing  gas a t  Tor r ,  t h e  c u r r e n t  w a s  he ld  cons t an t  a t  100 t o  



Table I. Vacuum I n s u l a t i o n  P r o p e r t i e s  of F l a t  
Tungsten Elec t rodes  3.5 cm i n  Diameter 

A.  Gap = 0.71 mm 

1. N e w ,  baked out  36 126 6 4  0 .51  7.6X10- ' I  

2 .  After  low-current 
gas condi t ion ing  41 90 52 0.58 

3 .  Afte r  outgassing 
anode 

4. After  anode out-  
gas  and gas  
condi t  ion ing 

Row 4 5 .  Ratio:  - Row 1 

59 71 59 0.83 8.1X 

B.  Gap = 0.25 mm 

6 .  New, baked out  13  

116 26 43 1.63 1.6x10-' 

3.2 114.8 111.5 3.2 2 1 .  

7 .  Afte r  gas 
condi t ion ing  

8. Af t e r  gas condi- 
t i o n i n g  anode a t  
LN temp. 

9 .  Afte r  anode out -  
gas and gas 
c ond it ion ing 

Row 9 10. Rat io:  - 
Row 6 

22 

33 

94 

60 

36 

49 0.52 5.2X 

53 0.88 2.9XlO-'O 

47 1.32 7.2X lo-'' 

52 19 40 2.08 3.5x10-' 

4 .0  114.9 111.2 4.0 6 7 .  
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300 pA by cont inuously ad jus t ing  t h e  vol tage  upward as su r face  condi t ion ing  

proceeded. I n  one run,  t h e  enhancement f a c t o r  was lowered t o  26 with  an 

accompanying increase  i n  the  breakdown vol tage  t o  116 kV, corresponding t o  

an average f i e l d  i n  the  gap of F = 1.6X10 V/cm a t  breakdown. It should 

be remarked t h a t  t he  volt-ampere c h a r a c t e r i s t i c  from which B is  deduced 

cannot  be measured wi th  gas present  because the  su r face  changes occur r ing  

dur ing  t h e  measurement render  the d a t a  unreproduc i b l e .  

6 
0 

The observed vacuum-insulation p r o p e r t i e s  of t h e  e l e c t r o d e s  a t  

gap spacings of 0.71 mm and 0.25 mm a t  var ious  s t ages  of t h e  gas condi t ion-  

ing  are i l l u s t r a t e d  i n  Table I. 

From the  t a b l e  it can be seen t h a t  t h e  combination of s e l e c t i v e  

s p u t t e r i n g  and anode outgassing may decrease t h e  enhancement, 8 ,  by a 

f a c t o r  of about 4 with  a corresponding increase  of t he  vol tage-hold ing  capa- 

b i l i t i e s  by a f a c t o r  of 3 t o  4 .  I n  one run a t  0.25-mm gap, a va lue  of 

B = 14.5 w a s  achieved wi th  a breakdown vol tage  of 81 kV corresponding t o  

an average f i e l d  i n  t h e  gap of over 3x10 V/cm. 6 

The e m i t t i n g  area increases  g r e a t l y  as t h e  sha rp  t i p s  are b lunted  

dur ing  s e l e c t i v e  s p u t t e r i n g .  Consequently, t he  predischarge emission 

c u r r e n t  near  breakdown f o r  the  condi t ioned e l e c t r o d e s  may be from one t o  

two o rde r s  o r  magnitude h igher  than f o r  t he  f r e s h  e l e c t r o d e s .  A s  a prac- 

t i c a l  matter i n  vacuum insu la t ion ,  anode hea t ing  and x - r a d i a t i o n  may become 

a more s e r i o u s  problem because of t h e  combination of h igh  vol tage  and h igh  

c u r r e n t .  On the  o ther  hand, even tak ing  i n t o  account the inc rease  i n  area, 

a r educ t ion  i n  enhancement f a c t o r  from 100 t o  20 should,  on t h e o r e t i c a l  

grounds, be accompanied by a reduct ion  i n  f ie ld-emission c u r r e n t  by almost 

20 o rde r s  of magnitude. Experimentally,  f o r  t h e  0.25-mm gap wi th  81-kV 
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breakdown vol tage ,  t he  c u r r e n t  dropped t o  our lowest measurable value 

( l O - l o A )  a t  an appl ied  vo l t age  of 42 kV ccrresponding t o  an  average f i e l d  

i n  the  gap of 1.7X10 V/cm. 6 

Est imates  of t he  time cons t an t s  f o r  b lun t ing  of t he  new sha rp  

whiskers formed during a spark  were made by observing t h e  fad ing  of the  

t r a n s i t i o n  r a d i a t i o n  t h a t  appears on the  anode oppos i te  a new e m i t t e r  po in t .  

A t  Torr  and 1 mA emission cu r ren t ,  the f ad ing  of a sharp  blue s p o t  

i n t o  the  genera l  blue background (due t o  many weaker e m i t t e r s )  occurred i n  

a few seconds.  A t  Torr ,  the t i m e  cons t an t  w a s  of the  order  of t ens  

of seconds except  f o r  g i a n t  emitters which hea ted  the  anode spot white  

h o t .  A s  p red ic t ed  above, these  l a rge  p ro t rus ions  were no t  no t i ceab ly  

a f f e c t e d  by the  s p u t t e r i n g  and could only be burned of f  with g r e a t  d i f -  

f i c u l t y  a t  high c u r r e n t s  (5 mA). A f t e r  b lun t ing  of t he  sha rpes t  whiskers ,  

t h e  r a t e  of decrease of enhancement f a c t o r  is  small. Condi t ioning t o  t h e  

p o i n t  i nd ica t ed  i n  Row 9 of t he  t a b l e  r equ i r ed  about 20 hours .  

These r e s u l t s  d i f f e r  in  one important way from those of ear l ie r  

workers who repor ted  t h a t  the  vol tage  holding p r o p e r t i e s  r e tu rned  t o  t h e i r  

o r i g i n a l  c h a r a c t e r i s t i c s  (breakdown vo l t age )  almost immediately a f t e r  the  

gas w a s  removed and the  system evacuated. Prel iminary observa t ions  on 

t h i s  system ( a t  3X10-" Torr)  i n d i c a t e  a t i m e  of t he  order  of a week o r  

two f o r  t h e  increase  of B by a f a c t o r  of two. I t  can only be conjec tured  

he re  t h a t  the  su r face  contamination i n  these  e a r l i e r  experiments may have 

con t r ibu ted  t o  the  redevelopment of s i z e a b l e  protuberances as soon as t h e  

s e l e c t i v e  s p u t t e r i n g  process  w a s  terminated o r  t h a t  the  conduction and i t s  

suppress ion  were a s soc ia t ed  wi th  inhe ren t ly  d i f f e r e n t  phys ica l  mechanisms 
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It may a l s o  be conjec tured  t h a t  t he  f i n a l  values  of breakdown parameters 

reached i n  our experiments represent  an equi l ibr ium between b lun t ing  

and regenera t ion  of p ro t rus ions  on the  cathode. 

Our d e t a i l e d  experiments have thus f a r  been c a r r i e d  ou t  only wi th  

tungs ten  e l e c t r o d e s .  It w i l l  be of cons iderable  i n t e r e s t  t o  cont inue 

these  s t u d i e s  wi th  o ther  mater ia l s  a s  w e l l ,  t o  determine the  e f f e c t s  of 

s e l e c t i v e  ion bombardment and the r a t e  of formation of new whiskers a f t e r  

t he  gas is removed. 

APPENDIX B 

Fl i cke r  E f f e c t  

The ob jec t  of t h i s  work was t o  study the  so -ca l l ed  f l i c k e r  e f f e c t  

i n  f i e l d  emission which may be pos tu la ted  t o  be due t o  the  adsorp t ion  

and desorp t ion  of gas molecules a t  emission si tes.  The i n t e r e s t i n g  charac- 

t e r i s t i c  of t he  e f f e c t  is the  r igorous ly  b i s t a b l e  na tu re  of t he  c u r r e n t  

from the  f l i c k e r i n g  spot  on the  f ie ld-emiss ion  p a t t e r n  of an emi t t i ng  t i p .  

By obta in ing  Fowler-Nordheim p lo t s  of t he  cu r ren t -vo l t age  c h a r a c t e r i s t i c s  

of t he  spo t s  i n  the  "on" and "off" modes, one might hope t o  provide some 

q u a n t i t a t i v e  c lues  a s  t o  the  physical  phenomenon involved. 

A s impl i f i ed  vers ion  of t he  Young-M~llerlo apparatus  w a s  con- 

s t r u c t e d  i n  which a s m a l l  por t ion  of t he  emission p a t t e r n  from t h e  cathode 

t i p  w a s  passed through a small  hole i n  the  anode and the  cu r ren t  w a s  

c o l l e c t e d  i n  a Faraday cup. 

I n  the  f i r s t ,  t he  por t ion  of the emission p a t t e r n  s t r i k i n g  t h e  anode hole  

w a s  s e l e c t e d  by magnetic d e f l e c t i o n ,  which, due t o  the  na tu re  of t he  

Two vers ions  of t h e  apparatus  were cons t ruc t ed .  
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des ign ,  i n t e r a c t e d  wi th  t h e  a c c e l e r a t i n g  vol tage  and gave non- l inear  

Fowler-Nordheim p l o t s .  I n  the second, the  t i p  and an anode r i n g  were 

mechanically r o t a t e d  t o  admit the des i r ed  po r t ion  t o  the  cup. 

The opera t ion  of t he  second ve r s ion  appears t o  be s a t i s f a c t o r y  

b u t  no d a t a  have been obta ined  with it. The experiment w i l l  be resumed 

a t  a l a t e r  d a t e .  

APPENDIX C 

Field-Emission Study of Whisker Production 

I n  previous work'' wi th  c lose ly-spaced ,  small  e l e c t r o d e s  it w a s  

found t h a t  under c e r t a i n  c o n d i t i o m ,  nanely with  a ges-covered anode, 

numerous, f i n e ,  whisker - l ike  p ro jec t ions  could be produced on the  e m i t t e r .  

(These whiskers were observed with an e l e c t r o a  microscope 1 T_re produc- 

t i o n  of these  whiskers was assoc ia ted  wi th  a.- "unstable" behavior of t h e  

emission c h a r a c t e r i s t i c s  i n  which l a rge  c u r r e n t  f l u c t a a t i o n s  were chserved 

It w a s  decided t o  cont inue t h i s  s tudy us ing  f ie ld-emiss  Lon techniques.  

The procedure used was as fol lows:  F i r s t  t he  emission p a t t e r n  from an 

e m i t t e r  w a s  viewed on a screen .  Next9 an anode was in te rposed  between 

the e m i t t e r  and sc reen  ajtd was pos i t ioned  a t  a m a l l  d i s t a n c e  from the 

e m i t t e r .  This  anode w a s  purposely n o t  outgassed so  t h a t  ions produced a t  

i t s  su r face  could bombard the  emitter s u r f a c e  and, i n  theory ,  produce 

s i tes  f o r  whisker growth. T3e t h i r d  s t ? p  was t o  swing t h e  anode ou t  of 

the  way and a g a i n  view the  emission p a t t e r n  on the  screen .  The presence 

of whiskers would be expected t o  produce a number of new s p o t s  of i l lumina-  

t i o n  on the  sc reen .  
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The experimental  apparatus  included a phosphor-coated d i s k  

mounted on a press  a t  one end of t he  c y l i n d r i c a l  b e l l  j a r .  From t h e  same 

p r e s s ,  support  wires  pro jec ted  out  p a s t  t he  d i sk  i n t o  the  b e l l  jar. An 

e m i t t e r  which faced the  d i s k  was mounted on these  support  wires. The 

e m i t t e r  cons i s t ed  of t he  b lun t  end of a 3-mil tungsten wire spotwelded t o  

a 10-mil tungsten f i lament .  A press  mounted on a metal  bellows w a s  a t t ached  

t o  the  o the r  end of t he  b e l l  jar .  A loop of 10-mil tungsten wire se rv ing  

as  t h e  anode was spotwelded t o  the  support  wires  from t h i s  second p r e s s .  

This  loop could be in te rposed  between the  emitter and the  d i sk .  

Although the  d a t a  obtained from t h i s  apparatus  a r e  r e l a t i v e l y  

meager, t he  r e s u l t s  have a l l  been negat ive .  That i s ,  a f t e r  p lac ing  the  

anode next  t o  the  e m i t t e r  and opera t ing  i n  the  "unstable"  mode, i . e . ,  

wi th  l a rge  c u r r e n t  f l u c t u a t i o n s ,  f o r  per iods a s  long a s  one hour,  t h e r e  

were no ind ica t ions  i n  the  emission p a t t e r n  t h a t  whiskers had been pro- 

duced on the  emi t t e r .  

I n  cont inuing t h i s  s tudy,  i t  now seems necessary t o  look care-  

f u l l y  f o r  d i f f e r e n c e s  i n  the  present  procedure a s  compared wi th  t h a t  used 

previously ( i n  the  electron-microscope case)  i n  which f i n e  whiskers were 

observed. One obvious d i f f e r e n c e  is t h a t  i n  t h e  previous case  the  cathode 

was a l t e r n a t e l y  subjec ted  t o  ion bombardment i n  an u l t r a h i g h  vacuum and 

then subjec ted  t o  e l e c t r o n  bombardment i n  an oi l -contaminated system. 
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APPENDIX D 

Electron-Microscope Study of Whisker Production 

I n  a d d i t i o n  t o  the  search  f o r  whisker product ion us ing  the  

f ie ld-emission microscope as the d e t e c t o r ,  a search  us ing  an RCA Elec t ron  

D i f f r a c t i o n  Unit  ( a  prototype of t he  Type EMD) i n  t h e  shadow e l e c t r o n -  

microscope mode of opera t ion  has been s t a r t e d .  E lec t rodes  have been 

mounted i n  the  specimen chamber. 

has  been used as the cathode e l e c t r o d e .  

10-mil tungs ten  loop f o r  hea t ing  purposes. 

100-mil tungs ten  rod has  served a s  the  anode. 

about  5 m i l s .  

The b lun t  end of a 3-mil tungsten w i r e  

This e l e c t r o d e  i s  mounted on a 

The e l ec t ropo l i shed  end of a 

The gap spacing has  been 

Changes in  the  cathode p r o f i l e  due t o  e l e c t r i c a l  breakdown have 

been observed. 

been noted. 

Both the  d e s t r u c t i o n  and t h e  formation of p ro jec t ions  have 

Attempts t o  measure f ie ld-emiss ion  c u r r e n t s  i n  order  t o  p l o t  

F-N curves have been unsuccessful  due t o  the  l a r g e  c u r r e n t  f l u c t u a t i o n s .  

Some reduc t ion  i n  f l u c t u a t i o n  has been obta ined  by ope ra t ing  the  cathode 

a t  e l eva ted  temperatures .  Presumably t h i s  reduces the  amount of contamina 

t i o n  on t h e  cathode. 

Prel iminary at tempts  t o  produce whiskers by ope ra t ing  i n  t h e  

"unstable"  mode have given negat ive  r e s u l t s .  However, because of t h e  

poor vacuum condi t ions  i t  is ques t ionable  whether o r  n o t  t he  observed 

c u r r e n t  f l u c t u a t i o n s  are due t o  the same cond i t ions  as those which were 

p resen t  i n  the  u l t r a h i g h  vacuum sys t em i n  which t h e  "unstable" mode w a s  

o r i g i n a l l y  observed. 
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APPENDIX E 

Technological Measurements of t he  Current-Voltage 
C h a r a c t e r i s t i c s  of a P a i r  of B e  - Mo Elec t rodes  i n  High Vacuum 

W .  Schuemann, W .  Anderson and E .  M. Lyman 

The purpose of t h i s  experiment w a s  (1) t o  measure the  v o l t -  

ampere c h a r a c t e r i s t i c s  of a p a i r  of f l a t  d i s k s ,  one of beryl l ium and t h e  

o t h e r  of molybdenum, used as e l ec t rodes  i n  h igh  vacuum, s imula t ing  condi- 

t i o n s  i n  the  e l e c t r o s t a t i c a l l y  supported gyroscope and (2) t o  compare 

them wi th  the  c h a r a c t e r i s t i c s  of another  p a i r  of e l e c t r o d e s  similar except  

f o r  a t e f l o n  pad cemented t o  the  molybdenum d i sk .  

pad is  t o  prevent  s c u f f i n g  of t h e  gyro b a l l  i n  t he  s t a r t i n g  and s topping  

procedures.  

The purpose of t h e  

I. General Procedure 

A s e t  of p l a i n  one-inch diameter  disk-shaped Mo - B e  e l e c t r o d e s  

w a s  i n s t a l l e d  i n  a vacuum b e l l  jar ,  baked out  a t  100°C, spaced t o  a 0.002- 

inch gap and e l e c t r i c a l l y  condi t ioned by r a i s i n g  t h e  vo l t age  slowly t o  

prevent  excess ive  spark ing  u n t i l  an emission c u r r e n t  of 50 PA was obta ined  

( a t  c u r r e n t s  apprec iab ly  h igher  than t h i s ,  continuous sparking occurred) .  

Af t e r  s e v e r a l  hours of condi t ion ing  a t  50 pA, dur ing  which the spark ing  

r a t e  gradual ly  dropped t o  less than one spark  per  minute, cu r ren t -vo l t age  

e 

c h a r a c t e r i s t i c s  of t h e  e l e c t r o d e  p a i r  were measured. Fowler-Nordheim (see  

s e c t i o n  111) p l o t s  of the  d a t a  (measured over c u r r e n t s ,  i n  some ins t ances ,  

ranging from 50 pA t o  0.05 pA) could be i n t e r p r e t e d  as s t r a i g h t  l i n e s  
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sugges t ing  t h a t  t he  e l ec t rode  cu r ren t  w a s  e n t i r e l y  due t o  f i e l d  emission. 

A s  shown i n  Table 11: values  of the f i e l d  enhancement f a c t o r  B obtained from 

t h e  F-N p l o t s  t y p i c a l l y  range from 170 t o  390. I n  c a l c u l a t i n g  B it  w a s  

assumed t h a t  t he  appropr i a t e  work func t ion  t o  be used w a s  t h a t  of t he  

cathode m a t e r i a l ,  i n  each case .  

S imi la r  measurements were made on a B e  - Mo p a i r  of e l e c t r o d e s  

which had a t e f l o n  d i s k  5/16-inch i n  diameter 0.0005-inch t h i c k  cemented 

t o  the  c e n t e r  of t h e  molybdenum d i sk .  A s  shown i n  Table 11, the  c a l c u l a t e d  

B ' s  range from 105 t o  340, 

Details of t h e  runs i n  which fou r  sets  of d i s k s  were used a r e  given 

i n  s e c t i o n  111 with  d e s c r i p t i o n s  of t he  phys ica l  appearance of t h e  e l e c -  

t rodes  a f t e r  removal from t h e  b e l l  j a r .  

11. Discussion of Resul t s  

1. P l a i n  e l e c t r o d e s  (Se ts  I and 111) 

For each s e t  of e l ec t rodes  t h e  average va lue  of @ obtained when 

molybdenum w a s  cathode i s  h igher  than  when bery l l ium was cathode. For  se t  

I t h e  r a t i o  of t he  B ' s  i s  1.14; in  s e t  111, it is 1.21. As shown i n  t h e  

s e c t i o n  I11 the  r a t i o  of 

t he  p r e c i s i o n  of t h e  experiment a l l  of t hese  r a t i o s  a r e  equa l .  It is w e l l  

known t h a t  e l e c t r o d e  material  i s  t r a n s f e r r e d  dur ing  spark ing ,  and t h i s  

sugges ts  t h a t  dur ing  t h e  condi t ion ing ,  s u f f i c i e n t  B e  (m.p. 1278OC) w a s  

t r a n s f e r r e d  t o  the  Mo (m.p. 262OOC) t o  g ive  both su r faces  t h e  c h a r a c t e r i s -  

t i c s  of t h e  B e .  I f  both su r faces  are the  same, the  average e l e c t r o d e  

vo l t age  f o r  50 PA might a l s o  be expected t o  be independent of p o l a r i t y .  

This  i s  the  case  i n  se t  I ,  bu t  not  i n  set  111. 

($3'2) used t o  c a l c u l a t e  t h e  B ' s  i s  1.11. Within 
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If i t  i s  assumed t h a t  the e l e c t r o d e  vo l t age  a t  50 pA c u r r e n t  is 

t h e  breakdown vo l t age ,  t he  i n i t i a l  f i e l d  a t  t h e  cathode emit ter  t i p s  f o r  

both sets  I and I11 is about 1 . 1 ~ 1 0  vol t s /cm,  a va lue  i n  s u b s t a n t i a l  8 

12,13,14 agreement wi th  previous observat ions on a v a r i e t y  of o t h e r  meta ls .  

Thus the  behavior  of the p l a i n  B e  - Mo e l e c t r o d e s  wi th  r e s p e c t  

t o  t h e  volt-ampere c h a r a c t e r i s t i c s  and t h e  c r i t i c a l  f i e l d  r equ i r ed  f o r  

breakdown i s  i n  accord wi th  the  cu r ren t  p i c t u r e  of i n i t i a t i o n  of vacuum 

breakdown based on Joule-hea t ing ,  mel t ing  and vapor i za t ion  of whiskers on 

t h e  cathode su r face .  

2 .  Elec t rodes  wi th  a t e f l o n  pad on the Mo d i s k  (Se t s  I1 and I V )  

A s  i n  t he  case  of t h e  p l a in  e l e c t r o d e s  the  va lue  of B obta ined  

when Mo w a s  t h e  cathode material a r e  c o n s i s t e n t l y  h igher  than when B e  w a s  

the  cathode material. I n  set 11, the  r a t i o  of t h e  average va lues  of B i s  

2 . 4 8 ,  while  f o r  se t  I V  it i s  1.53. 

be expla ined  on t h e  b a s i s  of t h e  r a t i o  of (@ 3 / 2 )  of t h e  cathode meta ls .  

The i n c m s i s t c n t  r e s ~ l t s  of sets  XI and IV, both e l ~ c t r l c a : ,  arid a l so  as 

Both of t hese  r a t i o s  are too  h igh  t o  

regards  phys ica l  appearance a f t e r  t h e  t es t s ,  s ee  s e c t i o n  111, prevents  

q u a l i t a t i v e  o r  q u a n t i t a t i v e  physical  i n t e r p r e t a t i o n  of t he  phenomena. In  

comparing e l e c t r o d e  p a i r s  wi th  and wi thout  t he  t e f l o n  d i s k s ,  i n  one case  

( s e t  11) one might conclude t h a t  the t e f l o n  d i s k  had l i t t l e  e f f e c t  on the  

volt-ampere c h a r a c t e r i s t i c s  o r  the breakdown vo l t age  Vmax, whi le  i n  the  

o the r  (set  I V )  t h e  breakdown vol tage  w a s  only ha l f  a s  much as f o r  p l a i n  e l e c -  

t rodes ,  due ,poss ib ly ,  t o  t h e  carboniza t ion  of t h e  t e f l o n  which would be 

expected t o  have a pronounced e f f e c t  upon t h e  e f f e c t i v e  work func t ions  and 

upon t h e  e f f e c t i v e  gap spacing.  



2 1  

111. Apparatus and De ta i l ed  Experimental Procedure 

Apparatus:  Schematic c i r c u i t s  and apparatus  diagrams a r e  shown i n  Figure 

2 .  

The e l e c t r o d e s  were washed and i n s t a l l e d  i n  the  chamber. One 

e l e c t r o d e  w a s  f i x e d ,  while  t he  other  was on a r o t a t i n g  bal l -and-socket  

type  mount t o  in su re  t h e  e l ec t rodes  being p a r a l l e l .  The chamber was sea l ed  

us ing  gold O-rings.  The e l ec t rodes  were zeroed us ing  an ohm-meter t o  

determine t h e  po in t  of con tac t .  Next, t h e  system w a s  roughed wi th  t h e  

roughing pump and the  Zeo l i t e .  The Z e o l i t e  was baked out  overn ight  a t  

200 C y  then cooled wi th  l i q u i d  n i t rogen  f o r  about 2 hours t o  rough t h e  

system. The vac- ion pump w a s  then s t a r t e d ,  and the  e l e c t r o d e s  and vac-ion 

pump were baked out  f o r  2 t o  3 days a t  100°C. The gap was l e f t  a t  20 m i l s  

f o r  bakeout.  Af t e r  bakeout,  t h e  gap was s e t  a t  2 m i l s  f o r  da ta - tak ing .  

0 

S e t  I: Be-Mo 

The B e  w a s  f i r s t  used as  the  anode, t h e  Mo as t h e  cathode. The 

c u r r e n t  i n t o  t h e  e l e c t r o d e s  was r a i s e d  from 10 !LA t o  50 PA i n  s t e p s  of 

5 o r  10 PA,  remaining f o r  a f e w  minutes a t  each s e t t i n g .  The t i m e ,  p r e s su re ,  

e l e c t r o d e  v o l t a g e ,  and breakdown a c t i v i t y  were recorded a t  each s e t t i n g .  

Before going on t o  each new value of c u r r e n t ,  the breakdown rate  w a s  

allowed t o  decrease t o  l e s s  than  about one every two minutes.  Once 50 pA 

w a s  reached, t he  e l e c t r o d e s  were l e f t  t o  cond i t ion  f o r  about s i x  hours .  

P e r i o d i c a l l y ,  the  gap s i z e  was checked, and d a t a  of I and V were taken f o r  

F-N p l o t s .  For a c u r r e n t  of 50 PA,  the  gap vol tage  ranged from 1.80 t o  

1.95 kV, the average being 1.88 kV. From the  F-N p l o t s ,  f3 was determined, 

-8 ranging from 313 t o  386, t h e  average being 350. The pressure  w a s  y 5x10 
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Dial indicator micro- 
meter to measure 
electrode separation. 

Valve - --- 

------- 

Thermocouple gauge -- 

Roughing 
zeolite trap -- 
Mechanical pump 

system 

!- 

Circuit Vacuum System ER-160 

Figure 2 .  

Schematic diagrams of apparatus and c i r c u i t s .  
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Torr .  These r e s u l t s  and those of subsequent runs descr ibed  below are  

summarized i n  Table 11. 

Next, the  p o l a r i t y  w a s  r eve r sed ,  making t h e  anode d i s k  Mo, and 

t h e  cathode,  B e .  

f o r  1.5 hours ,  then  r a i s e d  t o  50 pA and maintained s teady  f o r  6 hours 

(dur ing  which t i m e  the  spark ing  r a t e  became very smal l )  before  the  

measurements were s t a r t e d .  

The c u r r e n t  was increased  t o  35 pA, maintained s teady  

S e t  11: Be w a s  f i r s t  used as anode and t h e  Mo d i s k  wi th  the  t e f l o n  pad 

cemented t o  it as the  cathode. 

11 hours ,  and da ta  were taken af ter  maintaining a s teady  50 pA c u r r e n t  

f o r  2 hours.  

r equ i r ed  7 hours and d a t a  were obtained a f t e r  an a d d i t i o n a l  2-hour per iod  

a t  50 P A .  

Conditioning of t h i s  p a i r  t o  50 pA r equ i r ed  

When the  p o l a r i t y  was reversed ,  condi t ion ing  t o  50 pA 

S e t  111: 

r e q n i r e d  4 . 5  h e m s ,  and d a t a  were  taken 5 heurs t h e r e a f t e r .  Vpon r e v e r s i w  0 

the  p o l a r i t y ,  3 hours were required f o r  t he  cond i t ion ing  and d a t a  were 

taken 5 hours a f t e r  reaching the  50pA c u r r e n t .  

The anode was B e  and t h e  cathode,  Mo. Condit ioning t o  50 pA 

S e t  IV: The anode w a s  Be and the ca thode ,  t h e  Mo d i s k  wi th  the t e f l o n  pad. 

P r i o r  t o  i n s t a l l a t i o n  the  t e f l o n  was examined under t h e  microscope. The 

t e f l o n  had microscopic pin-holes  i n  it and, i n  a d d i t i o n ,  a ragged edge 

pro t ruding  about 3 m i l s  above the s u r f a c e  (as  measured wi th  an ohmmeter), 

a long a po r t ion  of the  d i s k ' s  edge. 

removed by a d j u s t i n g  the  gap t o  4 m i l s  and ope ra t ing  f o r  one minute a t  

a c u r r e n t  of 15 F A ,  but  a smal l  boss k m i l  h igh  remained. The behavior  

Most of t h i s  pad p ro t rus ion  w a s  
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of t h i s  e l ec t rode  p a i r  was e r r a t i c .  A per iod of 1 7  hours w a s  requi red  t o  

cond i t ion  the e l e c t r o d e s  t o  50 P A .  

f o r  about 30 minutes wi th  no breakdowns, t he  h igh  vol tage  w a s  turned o f f  

t o  permit  gap remeasurement (touching the  e l e c t r o d e s  toge ther  t o  o b t a i n  

the  ze ro ) .  Upon r e s t o r i n g  the  cu r ren t  t o  50 PA, t he  gap vo l t age  was 

found t o  have increased ,  bu t  a burs t  of breakdowns soon occurred and t h e  

gap vol tage  dropped back t o  i t s  usual  lower va lue  of 1.1 kV. This type 

of behavior d i d  n o t  occur cons t an t ly ,  bu t  it w a s  f a i r l y  f r equen t .  It may 

have been due t o  some p ro t rus ion  on the  edge of t he  t e f l o n  which w a s  

e r e c t e d  by the  e l e c t r i c  f i e l d .  

Af te r  ope ra t ing  a t  50 pi4 and 1.1 kV 

The e l e c t r o d e s  were f i n a l l y  condi t ioned t o  the  po in t  where t h e  

c u r r e n t  was 50 PA and only a small  number of breakdowns occurred over a 

6 hour per iod ,  a f t e r  which d a t a  were obta ined  a s  shown i n  Table 11. 

Upon reve r s ing  the  p o l a r i t y ,  condi t ion ing  t o  50 PA was achieved 

i n  20 minutes.  Although the  i n i t i a l  vo l t age  was 2.2 kV, a f t e r  a l a rge  

b u r s t  of breakdowns it dropped t o  1 .25 kV a t  50 pA, remaining low the re -  

a f t e r .  Af te r  6.5 hours a t  50 PA d a t a  were taken,  a s  summarized i n  Table 11. 

Equat ions used t o  determine B 

F i e l d  emission cu r ren t :  

2 Taking loglo(I/V ), we have: 



25 

2 P l o t t i n g  log  (I/V ) vs  1 / V  gives  f o r  the s lope  of the  s t r a i g h t  l i n e :  

where 

V = e l e c t r o d e  p o t e n t i a l  d i f f e r e n c e ,  v o l t s ,  

I = f i e l d  emission cu r ren t ,  amperes, 

A = emitter a r e a ,  crn 

d = e l e c t r o d e  sepa ra t ion ,  cm, 

@ = cathode work func t ion ,  e V ,  

s ( y )  = slowly vary ing  func t ion  of the  e l e c t r i c  f i e l d  w 0.9, 

t(y) = slowly vary ing  func t ion  of t he  e l e c t r i c  f i e l d  1.1, 

B = f i e l d  a t  emitter t ips /average  f i e l d  between e l e c t r o d e s .  

2 

:. B = - 1 2.96~10~) @3'2 s (y )d  
s lope 

Constants  used i n  c a l c u l a t i o n :  Work f m c t i o n  of t h e  cathode material. 

Mo and Mo wi th  t e f l o n  pad @ = 4 .20  e V  

Be @ = 3.92 eV. 

G i v  ing  

Mo cathode 

B e  cathode 

Q 

'Mo 

'Be 
Ra t io  - = 1.11 . 

6 

6 

@ = 1 . 1 6 ~ 1 0  / s lope  

@ = 1.05X10 / s lope  
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Desc r ip t ion  of e l e c t r o d e s  a f t e r  the  tes ts  

S e t  I. Be-Mo 

Be: The d i sk  contained a number of l a r g e  p i t s  and many small 

ones.  The l a rge  p i t s  are a t t r i b u t e d  t o  spark damage which occurred 

because the  c u r r e n t  l i m i t i n g  r e s i s t a n c e  (between power supply and e l e c -  

t rode )  w a s  smal l .  

l i m i t i n g  r e s i s t a n c e  was added l a t e r .  

over t he  su r face .  

The small p i t s  were obtained when a 20 megohm c u r r e n t  

They were f a i r l y  evenly d i s t r i b u t e d  

Mo: About 20 l a r g e  p i t s  were found i n  an area a t  the edge of 

t h e  e l e c t r o d e .  There were no small  p i t s ,  as were found on the  B e .  The 

l a r g e  p i t s  were probably caused by the  spark damage t h a t  occurred wi th  

the  smal l  c u r r e n t - l i m i t i n g  r e s i s t a n c e .  

S e t  11. Be-Mo wi th  t e f l o n  pad. 

B e :  Same e l e c t r o d e  as  used i n  s e t  I. 

Mo: Almost no p i t s  were found on t h i s  e l e c t r o d e  except  a t  t he  

edge of the  t e f  lon.  J u s t  a t  the edge of t he  tef lon ,  a r i n g ,  c o n s i s t i n g  

of many small p i t s ,  could be seen wi th  a 1OX magnifying g l a s s .  One may 

conclude t h a t  t he  e f f e c t  of the  breakdown d ischarges  i s  t o  wear away 

t h e  t e f l o n  a t  the  edge. F ive  t o  10 p i t s  were found on t h e  t e f l o n  i t s e l f  

and about two p i t s  on the  Mo sur face .  

S e t  111. 

B e :  See d e s c r i p t i o n  of se t  IV. 

Mo: A few p i t s ,  randomly d i s t r i b u t e d  over the  s u r f a c e ,  were 

found . 
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S e t  I V .  Be-Mo wi th  t e f l o n  pad. 

Mo: This e l ec t rode  was covered wi th  p i t s ,  wi th  g r e a t e s t  concen- 

t r a t i o n  around the  edge of t he  t e f lon .  A reg ion  comprising a t h i r d  of 

t h e  t e f l o n  d i s k  had been destroyed,  leav ing  a b lack  coa t ing  which was 

densely covered wi th  many p i t s ,  while t he  undestroyed reg ion  had only 5 

t o  10 p i t s  on it .  The d e n s i t y  of p i t s  on the  Mo metal f e l l  o f f  sharp ly  

wi th  d i s t a n c e  from the  t e f  lon.  

Be:  This  d i s k  a l s o  had a black-covered region of extremely 

h igh  p i t  dens i ty  corresponding t o  t h e  destroyed p a r t  of t he  t e f l o n  pad on 

the  Mo d i sk .  Elsewhere on the  d i sk ,  t h e  p i t  d e n s i t y  f e l l  o f f  more 

r a p i d l y  wi th  d i s t ance  from the  t e f l o n  d i s k  than it d i d  on the  Mo d i s k .  

I n  the  reg ion  oppos i te  t he  undestroyed po r t ion  of t he  t e f l o n  pad t h e r e  

were very  few p i t s .  

One may p o s t u l a t e  t h a t  t he  b lack  coa t ing  on the  two d i sks  i n  the  

reg ion  where t h e  t e f l o n  w a s  destroyed is  due t o  the  carboniza t ion  of t he  

p rev io~ .~s ly  descr ibed  ragged edge of t he  t e f l o n  d i s k .  I n  both sets  I1 and 

I V ,  t he  p i t t i n g  occurred mainly a t  the edge of t h e  t e f l o n .  

Remarks : 

The d a t a  i n  Table I1 show t h a t  t h e  t e f l o n  may have an adverse 

a f f e c t  on the  vol tage  holding c a p a b i l i t i e s  of t he  e l e c t r o d e  p a i r  and upon 

the i n t e r e l e c t r o d e  c u r r e n t .  This e f f e c t  w a s  found t o  be l a r g e  i n  the  

case where a p ro t rus ion  seems to  have i n i t i a t e d  ca rbon iza t ion  and small i n  

t h e  case  where the t e f l o n  edges were smooth and we l l - f a s t ened  t o  the Mo 

d i s k .  The improvement i n  vol tage between s e t  I (without  t e f l o n  and s e t  I1 

(with t e f l o n )  i s  no t  regarded as s i g n i f i c a n t .  On t h e  o the r  hand, t he  gap 

vo l t age  w a s  halved by the presence of carbonized t e f l o n  i n  s e t  I V .  
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It appears  t h a t  t he  t m i l  t e f l o n  boss which remained on t h e  

Mo e l e c t r o d e  i n  s e t  I V  may have cont r ibu ted  t o  the onse t  of ca rbon iza t ion ,  

sugges t ing  t h a t  a smooth t e f l o n  coa t ing  may be a requirement f o r  good 

vol tage-hold ing  c a p a b i l i t y .  I n  the p r a c t i c a l  use of t e f l o n  scuf f  pads,  

cons ide ra t ion  should be given the p o s s i b i l i t y  t h a t  t he  spinning gyro b a l l  

may scuf f  the  t e f l o n  s u f f i c i e n t l y  t o  cause d e t e r i o r a t i o n  i n  the e l e c t r i c a l  

breakdown c h a r a c t e r i s t i c s .  

The d a t a  of Table I1 ind ica t e  t h a t  t he  t e f l o n  pad may a f f e c t  t he  

va lue  of f i e l d  enhancement f a c t o r ,  B .  For sets I and 11, the  a d d i t i o n  of 

the  pad w a s  a s soc ia t ed  wi th  a decrease i n  average B by 60% wi th  B e  as 

cathode and by 25% with  Mo as  cathode. On the  o the r  hand, f o r  se ts  I11 and 

I V ,  t he  a d d i t i o n  of t he  t e f l o n  was a s soc ia t ed  wi th  an increase  i n  B by 15% 

when Mo w a s  t h e  cathode m a t e r i a l  and a decrease  of B by 10% when B e  w a s  t h e  

cathode material. Thus, our r e s u l t s  on t h e  e f f e c t  of the  t e f l o n  on B are 

inconc lus ive  . 
I n  set  I V  t he re  i s  some evidence t h a t  conducting s l i v e r s  of 

m a t e r i a l  were r a i s e d  up and tended t o  br idge  the  gap under the  a c t i o n  of 

t h e  e l e c t r i c  f i e l d .  I n  s e v e r a l  i n s t ances ,  a f t e r  a p p l i c a t i o n  of the  h igh  

vo l t age  cons iderable  breakdown a c t i v i t y  would ensue, causing t h e  vo l t age  

t o  f a l l  below the  i n i t i a l  va lue .  This  might be i n t e r p r e t e d  on the b a s i s  

of t h e  r a i s i n g  of m e t a l l i c  whiskers prev ious ly  ly ing  on the  su r face  of t he  

cathode. 

spacing remained a t  2 m i l s .  A s l i g h t  jar removed t h e  s h o r t ,  a s  though the  

s l i v e r  had been knocked o f f .  In c l o s i n g  the  gap i t  w a s  sometimes noted 

t h a t  p ro t rus ions  would be crushed i n  the  process  of br inging  t h e  e l e c t r o d e s  

toge the r .  

I n  one case t h e  gap vol tage  dropped t o  zero  even though the  
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F i e l d  Emission from a M u l t i p l i c i t y  of Emi t te rs  on a Broad Area Cathode 

H .  Tomaschke and D .  Alper t  

It has been wel l  e s t ab l i shed  l5-I8 t h a t  f o r  c l ean  m e t a l l i c  

e l ec t rodes  i n  h igh  vacuum, the predischarge c u r r e n t  from a broad a r e a  

cathode follows an exponent ia l  dependence on the  appl ied  vo l t age ,  and is  

explained on the  b a s i s  of t he  Fowler-Nordheim theory f o r  f i e l d  emission. 

I n  a r ecen t  paper,15 w e  have adduced evidence from our own experimental  

r e s u l t s  and o t h e r s  19-21 have shown t h a t  f i e l d  emission cu r ren t  o r i g i n a t e s  

from a number of s epa ra t e  loca l ized  emission s i t e s  on the  cathode; these  

s i tes  were shown t o  be whisker- l ike p ro jec t ions  on the  cathode su r face  

a t  which the e l e c t r i c  f i e l d  i s  g r e a t l y  enhanced. 

For a s i n g l e  p ro jec t ion ,  t he  enhancement f a c t o r ,  @ , t he  f a c t o r  

by which the l o c a l  e l e c t r i c  f i e l d  a t  the  t i p  exceeds the  average f i e l d ,  can 

be determined from a Fowler-Nordheim (F-N) a n a l y s i s  of f i e l d  emission 

c u r r e n t  and app l i ed  vol tage .  

the f i e l d  a t  t he  t i p  of a pro jec t ion  can be w r i t t e n  as 

I n  the case of p a r a l l e l - p l a t e  e l e c t r o d e s ,  

F = $ V/d 

where V i s  the app l i ed  vol tage  in  v o l t s  and d is the  gap spacing i n  cm. 

I n  terms of t hese  parameters,  the  Fowler-Nordheim expression f o r  t he  cur -  

r e n t ,  I i n  amperes, t akes  the form 
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2 2 where % is  the  emi t t i ng  a rea  i n  cm , J is the  cu r ren t  dens i ty  i n  A/cm , 

C i s  approximately a cons t an t ,  qj is the  work func t ion  i n  eV, and v (y )  is 1 

a s lowly varying func t ion .22  A p lo t  of log I(d/V)2 - vs .  d/V should r e s u l t  

i n  a s t r a i g h t  l i n e  whose s lope  i s  given by: 

7 22 log e = 2.96x107, and s ( y )  is  a slowly varying func t ion ,  where C = 6 . 8 3 ~ 1 0  3 

which f o r  t he  range of experimental  i n t e r e s t  can be approximated by the  

numerical  f a c t o r  0.9. Thus t h e  slope of t h e  curve which r e s u l t s  from an 

F-N p l o t  uniquely determines the  enhancement f a c t o r ,  $ .  

I f  t he  t o t a l  cu r ren t  were suppl ied by s e v e r a l  p ro t rus ions ,  each 

wi th  i t s  own enhancement f a c t o r ,  one would no t  expec t ,  2 p r i o r i ,  t h a t  t he  

sum of such curves would resul t  in a s t r a i g h t  l i n e  on a s i m i l a r  logari thmic 

p l o t .  Yet, a s  shown i n  Figure 3,  t he  experimental  d a t a  from broad a rea  

e l e c t r o d e s  c o n s i s t e n t l y  r e s u l t  i n  a s t r a i g h t - l i n e  Fowler-Nordheim p l o t ,  as 

i f  t he  e n t i r e  c u r r e n t  o r ig ina t ed  a t  a s i n g l e  po in t ;  indeed, i t  has been 

argued16 t h a t  t h i s  i s  the  explanat ion of t he  s i n g l e  exponent ia l  which is  

observed. On the o t h e r  hand, very s t rong  d i r e c t  experimental  evidence 

i n d i c a t e s  t h a t  f o r  t he  da t a  such as  t h a t  shown i n  F igure  3 ,  t he  cu r ren t  

o r i g i n a t e s  from a m u l t i p l i c i t y  of po in ts  , r ep resen t ing  a d i s t r i b u t i o n  of 

enhancement f a c t o r s ,  p i ,  and emi t t ing  a r e a s ,  Ai.  

I n  an at tempt  t o  reconci le  t hese  observa t ions ,  a computer a n a l y s i s  

w a s  undertaken t o  examine on t h e o r e t i c a l  grounds the  na tu re  of t he  curve 

t o  be expected from the  summation of t he  f i e l d  emission c u r r e n t s  from a 
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Figure 3 .  

Typica l  Fowler-Nordheim p l o t s  of t h e  f i e l d  emission c u r r e n t  between 
c l e a n  p a r a l l e l  tungs ten  e l ec t rodes  f o r  va r ious  des igna ted  

gap spac ings  ( i n  cm), V i n  v o l t s ,  I i n  amperes. 
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d i s t r i b u t i o n  of s epa ra t e  emi t t e r s .  

t o  compute t h e  t o t a l  emission from a grolclp nf emitters,  randomly s e l e c t e d  

as t~ enhancement f a c t o r s ,  B(within the  range of 70 t o  l S O ) ,  and emi t t i ng  

area,  %(wi th in  a range t h a t  var ied  by a f a c t o r  of 100). 

e m i t t e r s  i n  a given group var fed  from 2 t o  100, For each group, t he  c u r r e n t  

from each emitter po in t  w a s  ca l cu la t ed  f o r  a given value of t he  average 

f i e l d ,  P The con t r ibu t ions  from the ensemble were then added and the  

t o t a l  cu r ren t  p l o t t e d  as a funct ion of Fo i n  the  t y p i c a l  F-N manner. 

A d i g i t a l  compucer program w a s  w r i t t e n  

The number of 

0 "  

I n  each of t he  groups considered,  the  logar i thmic  p l o t  obtained 

from t h e  summation of the  ca l cu la t ed  con t r ibu t ioq  of the  emitters r e s u l t e d  

in a s t r f g h t  l i n e .  A r ep resen ta t ive  group of e m i t t e r s  is cha rac t e r i zed  

by the  p rope r t i e s  l i s t e d  i n  Table 171, Tre F-h7 p lo t  which r ep resen t s  tne 

summation of cu r ren t  from the severa l  po in t s  is shown in F igure  +,  I t  is 

immediately seen t h a t  any departure  from a s t r a i g h t  l i n e  i s  s o  small as t o  

be undetec tab le .  I f  one then azsumes t h a t  the r e s u l t i n g  curve o r i g i n a t e s  

from a s t n g l e ,  " e f f ec t ive"  po in t ,  one can r e a d i l y  c o m p t e  an e f f e c t i v e  B 

and an e f f2c t ivE  % which cha rac t e r i ze  the p rope r t i e s  of t he  ensemble of 

p o i n t s  in  t h e  group, 

m e n  the  group chosen included four  o r  more po in t s ,  it w a s  

t y p i c a l l y  f m n d  t h a t  the e f f e c t i v e  enhancement f a c t o r ,  B e f f ,  had a numerical  

va lue  which was a weighted average, s t r o n g l y  doninated by the  h igher  f3 ' s  i n  

the  group, Tke e f f e c t i v e  area, as  would be expected, w a s  gene ra l ly  l a r g e r  

than t t e  a r e a  of any ind iv idua l  e m i t t e r ,  bu t  less than  t h e  combined sum, 

Even whrr- only two e m i t t e r s  were s e l e c t e d  with random B ' s  and area, the  F-N 

curve w a s  t y p i c a l l y  a s t r a i g h t  l i n e ,  

equal  i n  value t o  the  enhancement f a c t o r  of t h e  sha rpe r  of t he  two p o i n t s ,  

In t h i s  case ,  t h e  va lue  of B e f f  w a s  
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Table 111.; - Ind iv idua l  enhancement and a rea  f a c t o r s  f o r  ten  e m i t t e r s  
and the  ca l cu la t ed  e f f e c t i v e  values  

Ind iv idua l  Values ,143 

114 

113 

13 1 

108 

102 

139 

144 

117 

100 

E f f e c t i v e  Values 13 7 

Area (cm2) 

.189x 

.774 

.632 

.416 

.321 

-816 

.938 

.936 

0 901 

.713 

3.670X 
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The na tu re  of the  F-N curve t o  be expected from two emitter po in t s  

i s  e s p e c i a l l y  i n t e r e s t i n g  s i n c e  it provides i r is lght  i n t o  t h e  phys ica l  rea- 

sons f o r  t he  r e s u l t s  descr ibed  above. I n  t he  genera l  case ,  one would expect  

t h a t  the  ind iv idua l  F-N curve fo r  each of t h e  two e m i t t e r s  would be a 

s t r a i g h t  l i n e  and, un le s s  the  enhancement f a c t o r s  were i d e n t i c a l ,  t hese  

would i n t e r s e c t  a t  some po in t .  Thus, s t r i c t l y  speaking,  t h e  cu r ren t -vo l t age  

dependence would n o t  be represented  by a s i n g l e ,  s t r a i g h t  l i n e .  However, 

it is  important t o  note  t h a t  i f  the  two emitters are of more o r  less equal  

e m i t t i n g  area, and the  B's, i .e. ,  t h e  s lopes ,  d i f f e r  by only a few percent ,  

t h e  ind iv idua l  curves  w i l l  be almost p a r a l l e l  t o  each o t h e r .  Hence, t he  

amount by which t h e  sum of t h e  two curves depa r t s  from a s t r a i g h t  l i n e  w i l l  

be n e g l i g i b l e ,  e s p e c i a l l y  s i n c e  the  range of va lues  f o r  t h e  appl ied  f i e l d  

i s  l imi t ed .  (Experimental values of t he  appl ied  vo l t age  t y p i c a l l y  cover a 

range which v a r i e s  a t  most by a f a c t o r  of two.) On the  o the r  hand, i f  t he  

enhancement f a c t o r s  of the two points  d i f f e r  s i g n i f i c a n t l y ,  the  f r a c t i o n  

of t he  t o t a l  c u r r e n t  suppl ied  by t h e  b lun t  po in t  i s  very  small ,  and the  

curve r ep resen t ing  the  t o t a l  emission is  v i r t u a l l y  i d e n t i c a l  w i t h  t h a t  f o r  

the  sha rpe r  p ro jec t ion .  

of equal  emi t t i ng  area but  of d i f f e r e n t  enhancement f a c t o r s ,  fl, = 100, and 

fl, = 150, 

b lun t  po in t  (f3 = 100) i s  very small. When t h e  average f i e l d  is one-half  

t h e  va lue  a t  which breakdown would occur,  po in t  (1) c o n t r i b u t e s  only .01% 

of t h e  t o t a l  c u r r e n t  ( see  Figure 5 ) .  A s  t h e  f i e l d  i s  increased ,  t h e  per-  

centage of the  t o t a l  c u r r e n t  o r i g i n a t i n g  a t  the  b l u n t  po in t  i nc reases ,  bu t  

even when the  l o c a l  f i e l d  a t  the sharper  po in t  reaches the  c r i t i c a l  break- 

down va lue ,  t h i s  percentage is  only 1% of the t o t a l .  To c o n t r i b u t e  enough 

To g ive  a s p e c i f i c  example, cons ider  two p ro jec t ions  

I n  t h i s  ca se ,  the  percentage of t h e  c u r r e n t  con t r ibu ted  by t h e  
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c u r r e n t  t o  a f f e c t  t he  F-N curve,  i . e . ,  t o  have the  two indiv idua l  F-N 

curves i n t e r s e c t  i n  the  region of observa t ion ,  t he  emi t t i ng  a r e a  of t h e  

b l u n t  po in t  would have t o  be approximately two thousand times l a r g e r  than 

t h a t  f o r  the  sharper  (B = 150) emi t t e r .  Since the  genera l  shape of the  two 

po in t s  would be s i m i l a r  i n  terms of t h e i r  height- to-base r a t i o s  t h i s  would 

r e q u i r e  t h a t  the  b lun t  po in t  be f i f t y  times l a r g e r  i n  l i n e a r  dimensions 

than the  sharper  p ro jec t ion .  While such a d i s p a r i t y  i n  s i z e  is no t  ou t  of 

t h e  ques t ion ,  it seems h ighly  un l ike ly  and hence it is no t  s u r p r i s i n g  t h a t  

it is  not experimental ly  observed. 

From such c a l c u l a t i o n s ,  c a r r i e d  out  f o r  a wide v a r i e t y  and mul t i -  

p l i c i t y  of emi t t i ng  po in t s ,  it i s  f i r s t  of a l l  demonstrated t h a t  a s t r a i g h t  

l i n e  Fowler-Nordheim p l o t  i s  t o  be expected from v i r t u a l l y  any r e a l i z a b l e  

m u l t i p l i c i t y  of emi t t i ng  sources .  The e f f e c t i v e  a r e a ,  a s  deduced from the  

composite F-N curve,  provides r e l a t i v e l y  l i t t l e  information regard ing  t h e  

a c t u a l  s i z e  of the  ind iv idua l  emi t t e r s .  However, t he  e f f e c t i v e  enhance- 

ment f a c t o r  a s  obtained from the  composite F-N p l o t  gives  a very good 

e s t ima te  of the  enhancement f a c t o r s  of t he  ind iv idua l  p ro jec t ions  most 

l i k e l y  t o  play a r o l e  i n  the  next breakdown. 



39 

The Role of Submicroscopic P ro jec t ions  i n  E l e c t r i c a l  Breakdown 

H. Tomaschke and D .  Alper t  

ABSTRACT 

Observations with an e l e c t r o n  microscope and wi th  a 

modified f i e l d  emission microscope v e r i f y  the  formation of 

submicroscopic,  whisker- l ike p ro jec t ions  on the  cathode su r -  

f a c e ,  t hus  lending a d d i t i o n a l  suppor t ing  evidence f o r  t h e  

a s s o c i a t i o n  of e l e c t r i c a l  breakdown wi th  f i e l d  emission from 

such s i t e s .  Severa l  mechanisms f o r  t h e  formation of whiskers 

are i d e n t i f i e d .  The predischarge c u r r e n t ,  w i th  which t h e  

i n i t i a t i o n  of breakdown i s  a s soc ia t ed ,  is  observed t o  e x h i b i t  

l a r g e  f l u c t u a t i o n s  i n  the  presence of contamination on e i t h e r  

o r  both e l e c t r o d e s ,  and a t e n t a t i v e  explana t ion  i s  se t  f o r t h  

i n  terms of a s p e c i a l  p r o l i f e r a t i o n  of smal le r  protuberances.  

I. In t roduc t ion  

Recent pub l i ca t ions  have provided s t r o n g  suppor t  f o r  t he  a s soc ia -  

t i o n  of e l e c t r i c a l  breakdown with f i e l d  emission from submicroscopic 

p ro jec t ions  on broad a r e a  e l ec t rodes .  Based on the  enhancement of t he  

e l e c t r i c  f i e l d  a t  such protuberances on the  cathode,  t h i s  phys i ca l  explana- 

t i o n  has been s u b s t a n t i a t e d  by (1) measurement of cu r ren t -vo l t age  r e l a t i o n -  

s h i p s ,  

magnified images of e l e c t r o n  emission p a t t e r n s  .26 

(2) d i r e c t  observat ions i n  an e l e c t r o n  m i c r o ~ c o p e , ~ ~  and (3)  23,24 

The p resen t  work, 
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i n i t i a t e d  i n  1961,27 has combined a l l  t h r e e  of t he  above genera l  approaches 

on cathodes of the same phys ica l  dimensions and c h a r a c t e r i s t i c s ,  The 

r e s u l t s  repor ted  here  had a d i r e c t  bear ing  on the  development of t he  model 

r epor t ed  e a r l i e r 2 3  and a r e  cor robora t ive  i n  an important sense t o  the  o the r  

r e fe rences  c i t e d  above. That i s ,  t he  observa t ions  provide f u r t h e r  evidence 

f o r  t he  ex i s t ence  of p rope r t i e s  of submicroscopic p ro jec t ions  on a broad 

a r e a  cathode. 

unique and which provide i n s i g h t  i n t o  t h e  mechanisms f o r  the  formation of 

such p ro jec t ions .  

I n  a d d i t i o n ,  we r epor t  c e r t a i n  r e s u l t s  which a r e  q u i t e  

The cathode i n  each of t h e  experimental  approaches i n  our  work 

w a s  t he  b lun t  end of a three  m i l  (.007 cm) tungs ten  wire .  Such a cathode 

can be considered a "broad area"  e l e c t r o d e  by comparison with the  exper i -  

ments of Dyke and h i s  co-workers 2 8 y 2 9 y 3 0  who f i r s t  e s t a b l i s h e d  the  f i e l d  

emission model for breakdown using a point- to-plane geometry wi th  s i n g l e  

c r y s t a l  tungsten cathodes 100 t o  1000 times sma l l e r ,  Furthermore, such 

cathodes a r e  considered "broad area" i n  another  sense: 

on cur ren t -vol tage  r e l a t i o n s h i p s ,  t he  gap spacing was comparable t o  o r  

smaller  than the  cathode diameter,  and hence t h e  macroscopic f i e l d  con- 

f i g u r a t i o n  is spec i f  i c a l l y  comparable t o  t h a t  wi th  much l a r g e r  dimensions 

i n  the  experiments 

11. Elec t ron  Microscope Studies  

These experiments were f i r s t  i n i t i a t e d  t o  confirm d i r e c t l y  the  

ex i s t ence  of submicroscopic p ro t rus ions ,  and i f  poss ib le ,  t o  e s t a b l i s h  

the  mechanisms f o r  t h e i r  formation o r  removal. The choice of e l e c t r o d e s  

of small dimensions was d i c t a t e d  pr imar i ly  by t h e  requirement t h a t  t he  

e n t i r e  cathode be i n s e r t e d  i n t o  the  e l e c t r o n  microscope 
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I n i t i a l l y ,  it was hoped t h a t  t he  e n t i r e  sequence of experiments 

could be c a r r i e d  out  w i th in  t h e  microscope; t h a t  i s ,  cu r ren t -vo l t age  rims 

up t o  the  po in t  of breakdown, with d i r e c t  observa t ion  of t h e  s u r f a c e s  

before  and a f t e r  breakdown. It soon became ev iden t ,  however, t h a t  t he  

e l e c t r o n  microscope vacuum system contained s o  much o i l  and o the r  contamina 

t i o n  t h a t  the  e l e c t r i c a l  c h a r a c t e r i s t i c s  were not reproducible  and had 

l i t t l e  r e l a t i o n s h i p  t o  those reported wi th  u l t r a h i g h  vacuum. 23 The con- 

f i g u r a t i o n  w a s  t h e r e f o r e  modified s o  as t o  suppor t  one of t he  e l ec t rodes  

(usua l ly  opera ted  as t h e  cathode) e i t h e r  on a modified specimen holder  f o r  

i n s e r t i o n  i n t o  the  microscope or on a demountable f l ange  f o r  i n s e r t i o n  

i n t o  an  u l t r a h i g h  vacuum system. Thus, i n  the  sequence of experimental  

events, t h e  cathode w a s  a l t e r n a t e l y  i n s e r t e d  i n t o  the  u l t r a h i g h  vacuum 

system f o r  p repa ra t ion  of t h e  e l ec t rodes  o r  f o r  cur ren t -vol tage  runs ;  

then it was t r a n s f e r r e d  i n t o  the e l e c t r o n  microscope f o r  observa t ion  a t  

any po in t  i n  t h e  sequence, e i t h e r  before  o r  a f t e r  e l e c t r i c a l  breakdown 

had taken p l ace  e 

The demountable e l ec t rode  w a s  a f i n e  (.007 cm d i a )  tungs ten  w i r e  

spot-welded t o  a heavier  tungsten h a i r p i n  f i lament  which permi t ted  t h e  

t i p  t o  be heated t o  a maximum temperature of 16OO0C. This  s t r u c t u r e  w a s  

mounted on a modified specimen holder  as shown i n  F igure  6 f o r  i n s e r t i o n  

i n t o  the  e l e c t r o n  microscope, an RCA Model EMU-2E. The r e s o l u t i o n  of 

t h e  microscope, as used i n  t h i s  i n v e s t i g a t i o n ,  w a s  about 50 2 and t h e  

depth of focus approximately 2000 2. 
w a s  normally d isp layed  on t h e  screen a t  a magni f ica t ion  of approximately 

10,000, The image w a s  photographed i n  overlapping views, and en larged  

A shadow p r o f i l e  of t h e  e l e c t r o d e  
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Figure  6 .  

viewing i n  the e l e c t r o n  microscope. 
E lec t rode  mounted i n  the modified specimen holder  f o r  
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p r i n t s  (2x) were made from the  r e s u l t i n g  photographic p l a t e s .  By t r a c i n g  

over  these  it w a s  poss ib le  t o  iden t i fy  changes i n  the  p r o f i l e  ou t l i i i e  and 

t o  v e r i f y  s c a l e  magnif icat ion.  

I n  order  t o  s e t  the zero gap reading,  t he  cathode was brought 

i n t o  e l e c t r i c a l  con tac t  with the  tungsten anode. One of the  most i n t e r e s -  

t i n g  of the  observat ions involved the  microscope inspec t ion  before  and 

a f t e r  touching the  e l ec t rodes  toge ther ,  a s  shown i n  F ig .  7a and 7b. Although 

the  f o r c e s  involved were very small  (es t imated t o  be a few grams) the  

l o c a l i z e d  s t r e s s e s  were obviously s u f f i c i e n t  t o  genera te  whisker - l ike  pro- 

t r u s i o n s .  

e l e c t r o d e s  a p a r t  (poss ib ly  following a cold weld), i t  seems ev iden t  t h a t  

t he  p ro jec t ions  i d e n t i f i e d  wi th  an arrow i n  7b a r e  the  r e s u l t  of compres- 

s i v e  stresses. The formation of such p ro t rus ions  undoubtedly accounts f o r  

t h e  observa t ions  of Miller and Farral13'  t h a t  "br inging the  e l e c t r o d e  f aces  

i n t o  phys ica l  con tac t  appeared t o  remove much o r  a l l  of any condi t ion ing ."  

The s i z e  of the  p ro t rus ions  shown i n  F igure  7 a r e  of t he  order  of 1 micron 

i n  he ight  and 0.1 micron i p  diameter.  It w a s  found t h a t  hea t ing  the  

cathode t o  about 1600°C f o r  2 minutes was s u f f i c i e n t  t o  b lun t  t he  sharp  

p ro jec t ions  caused by phys ica l  contac t  between the  e l e c t r o d e s .  Af t e r  

hea t ing ,  t he  appearance of t h e  e l ec t rode  su r face  was similar t o  t h a t  shown 

i n  Figure 8a.  

While c e r t a i n  of these might have been formed upon pu l l ing  the  

Af te r  a s e r i e s  of cur ren t -vol tage  runs,  t he  cathode s u r f a c e  

t y p i c a l l y  revealed the  formation of s e v e r a l  sharp  p ro jec t ions .  

8a  and 8b.)  

views of l oca l i zed  a reas  a l s o  v e r i f i e d  the  disappearance of one o r  more 

of t he  p o i n t s ,  presumably in the course of t he  breakdown process .  It can 

(See Figure 

Af t e r  c e r t a i n  runs ,  t h e  c a r e f u l  inspec t ion  of high magnified 
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Figure 7a. 

A s e c t i o n  of t he  e l ec t rode  showing the  i n i t i a l  p r o f i l e .  

Figure 7b.  

The same s e c t i o n  a f t e r  phys ica l  con tac t  
with the opposing e l e c t r o d e .  
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Figure 8a. 

Appearance of the e l ec t rode  su r face  a f t e r  hea t ing .  

Figure 8b. 

Elec t rode  p ro jec t ions  c rea ted  by e l e c t r i c a l  breakdown. 
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be seen from Figure  7 and Figure 8 t h a t  the  shape of t he  p ro jec t ions  var ied  

widely;  it i s  d i f f i c u l t  t o  i d e n t i f y  any p a r t i c u l a r  s t r u c t u r e  o r  o r i e n t a -  

t i o n .  However, t he  s i z e  and shape of t h e  sharper  pro t rus ions  were roughly 

i . e . ,  t he  he igh t  23 ,32  i n  accordance wi th  p red ic t ions  from o the r  s t u d i e s  

vary ing  between cm and cm, and the  diameter being of t he  order  

of o n e - f i f t h  t o  one-tenth of the he igh t .  

I:LI. Current-vol tage C h a r a c t e r i s t i c s  f o r  S m a l l  Gaps 

To c o r r e l a t e  t he  e l ec t ron  microscope observa t ions  wi th  the  e l e c -  

t r i c a l  p rope r t i e s  of t he  e l ec t rodes ,  a number of measurements of t he  

predischarge cur ren t -vol tage  c h a r a c t e r i s t i c s  were c a r r i e d  out  Frequent ly  

these  were taken wi th  increasing app l i ed  vo l t age  up t o  the  po in t  of break- 

down, as ind ica t ed  by a v i s i b l e  f l a s h .  Such measurements were made i n  a 

more o r  l e s s  s tandard  demountable u l t r a h i g h  vacuum glass-metal  system, wi th  

one of t h e  e l e c t r o d e s  mounted on an  ad jus t ab le  bellows t o  vary the  gap 

spac ing  and the  o the r  e l ec t rode  locked i n t o  p o s i t i o n  but  t r a n s f e r r a b l e  t o  

t h e  electron-microscope.  

A s  shown i n  Figure 9 ,  a c lose-up view of t he  e l e c t r o d e s ,  t he  

movable e l ec t rode  w a s  i n i t i a l l y  a r e l a t i v e l y  massive tungsten rod 0.100 

inches i n  diameter,  brazed i n t o  a s t a i n l e s s  steel  suppor t ,  and machined 

and e l ec t ropo l i shed .  I n  t h i s  arrangement, t he  a d j u s t a b l e  e l ec t rode  

( t y p i c a l l y  the  anode) could n o t  be outgassed a t  high temperatures.  When 

it w a s  found, dur ing  t h e  course of these  experiments,  t h a t  contamination 

of t he  anode could play a s i g n i f i c a n t  r o l e ,  t h e  tungsten rod w a s  replaced 

by a h a i r p i n  tungsten w i r e  (,025 cm d ia )  which could be r a i s e d  t o  a h igh  

temperature.  
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Figure 9. 
Close-up view of the electrodes. 
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As indica ted  previously,  t o  s e t  the  zero gap spacing (gap spacing 

w a s  of t he  order  of .005 ciii) t he  e l ec t rodes  were i n i t i a l l y  brought i n t o  

e l e c t r i c a l  con tac t .  Since t h i s  procedure i t s e l f  was soon shown t o  produce 

a s i g n i f i c a n t  growth of pro t rus ions  , t he  method f o r  measuring gap spacing 

was then modified. I n  l a t e r  experiments , an e x t e r n a l l y  mounted o p t i c a l  

microscope w a s  u t i l i z e d  t o  es t imate  t h e  sepa ra t ion  by comparison with the  

known dimensions of t he  smaller  e lec t rode .  F i e l d  emission c u r r e n t s  were 

determined by measuring the  vol tage drop across  the  cathode-to-ground resis- 

tance.  The minimum measurable cu r ren t  w a s  about 10"O A. 

The cur ren t -vol tage  c h a r a c t e r i s t i c s  f o r  these  small  gaps f e l l  i n t o  

two q u i t e  d i s t i n c t  ca t egor i e s  of behavior,  t he  discovery of which f i r s t  

confused the  s i t u a t i o n  but  l a t e r  cont r ibu ted  s i g n i f i c a n t l y  t o  the  under- 

s tanding  of predischarge cu r ren t s  and the  r o l e  of micro-project ions.  These 

two modes of behavior are designated a s  t he  "F-N" mode and the  "unstable"  

mode. An at tempt  t o  make a Fowler-Nordheim (F-N) p l o t  of t he  cu r ren t -  

vo l t age  c h a r a c t e r i s t i c s  r e s u l t e d  i n  a curve such a s  t h a t  shown i n  Figure 10. 

For lower values  of vo l tage ,  up t o  about 4000V, and cu r ren t s  up 

-7 t o  about 1x10 A ,  t he  curve followed an F-N dependence a s  shown. Although 

the  c u r r e n t  i n  t h i s  mode was r e l a t i v e l y  s t a b l e  it d i d  e x h i b i t  s i z e a b l e  

f l u c t u a t i o n s .  Observations of these f l u c t u a t i o n s  on an osc i l l o scope  

revealed a random modulation as shown i n  F igure  11. Two i n t e r e s t i n g  f e a t u r e s  

may be noted. F i r s t  of a l l ,  t he  f l u c t u a t i o n s  give the  appearance of a f l a t -  

topped o r  square-wave modulation of random dura t ion ,  wi th  ind iv idua l  on o r  

of f  t imes ranging from many mil l iseconds down t o  t h e  lowest va lue  permit ted 

by the  ins t rumenta l  time constant  of t he  coupl ing c i r c u i t r y .  ( I n  t h i s  case  

down t o  0 .1  mi l l i seconds  but  i n  other  observa t ions  down t o  microseconds .) 
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A t y p i c a l  p l o t  of I / V L  vs 1 / V  showing the  
"F-N" reg ion  and t h e  "unstable" r eg ion .  
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Figure 11. 

i n  the  "uns tab le  mode." Sweep speed 2 ms/cm, 
amplitude 2X10-7 amp/cm. 

Tracing of an osc i l l o scope  p i c t u r e  of c u r r e n t  pu lses  observed 
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A second f e a t u r e ,  as  suggested by t he  spread of po in ts  on the  F-N curve,  

is t h a t  t he  amplitude of the  modulation, which w a s  t y p i c a l l y  s e v e r a l  

percent  of the  t o t a l  c u r r e n t ,  was roughly propor t iona l  t o  the  average 

c u r r e n t ,  An explana t ion  f o r  these f l u c t u a t i o n s ,  a s soc ia t ed  wi th  the  adsorp- 

t i o n  and desorp t ion  of atoms on cathode emi t t e r  s i t e s ,  is discussed i n  the  

next  s e c t i o n .  

A s  t he  appl ied  vol tage  w a s  f u r t h e r  increased ,  t he  cu r ren t  

became h ighly  uns t ab le  wi th  la rge  f l u c t u a t i o n s  i n  the  average va lue ,  

a l though no f l a s h e s  or o the r  v i s i b l e  evidence of breakdown were observed. 

I n  t h i s  region it w a s  no longer poss ib le  t o  extend the  F-N p l o t .  The 

f l u c t u a t i o n s  i n  the  reading of the cu r ren t  were comparable t o  the  reading 

i t s e l f .  I f  t he  vol tage  were again lowered t o  the  f i e l d  emission r eg ion ,  

an exponent ia l  c h a r a c t e r i s t i c  was again observed, bu t  it was t y p i c a l l y  

d i f f e r e n t  i n  s lope  from t h e  previous curve.  

One of the  i n t e r e s t i n g  c o r o l l a r y  r e s u l t s  of t h i s  i n v e s t i g a t i o n  

..-e wcLu I o$ta<--A h.7 ur 4-  Ll l~pec t i r ig  t h e  cathede h the  e l e c t r m  r n i c r e ~ r n n ~  a f t e r  
---r- --- 

s e v e r a l  minutes of operat ion i n  the  uns t ab le  mode. This  revea led  a very 

l a r g e  p r o l i f e r a t i o n  of whisker- l ike p ro jec t ions ,  u sua l ly  smaller  (approxi- 

mately 0.1 micron i n  length)  but i n  places  so numerous a s  t o  present  an 

almost l a c e - l i k e  p a t t e r n  on the  e l e c t r o n  microscope screen  (Figure 12). 

(In passing,  it might be noted t h a t  similar p ro jec t ions  were produced 

when the  p o l a r i t y  was reversed and the  e l ec t rode  was operated as  t he  anode 

i n  the  uns tab le  mode e ) 
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Figure 12. 

Whisker-l ike p r o j e c t i o n  found on the  e l e c t r o d e  a f t e r  
15 minutes operat ion i n  the uns t ab le  mode. 
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I n  order  t o  determine what e f f e c t ,  i f  any, t h e  condi t ion  of t he  

* 
anode su r face  might have on the c u r r e n t  f l u c t u a t i o n s  i n  t h e  uns t ab le  

mode, t he  tungsten rod was replaced by a tungs ten  h a i r p i n  loop so as t o  be 

a b l e  t o  remove contamination by d i r e c t  hea t ing  of t h e  anode. It w a s  again 

found t h a t  c leaning  only the cathode d id  n o t  e l imina te  the  uns t ab le  con- 

d i t i o n .  

16OO0C, t he  c u r r e n t  followed a Fowler-Nordheim r e l a t i o n s h i p  r i g h t  up t o  

t h e  po in t  of breakdown. The ca l cu la t ed  l o c a l  f i e l d  a t  breakdown w a s  about  

6x10 V/cm, i n  agreement wi th  e a r l i e r  r e s u l t s  wi th  l a r g e  area tungs ten  

e l e c t r o d e s  a 

However, a f t e r  both anode and cathode were heated t o  approximately 

7 

This  a s s o c i a t i o n  of t h e  uns t ab le  cu r ren t  mode wi th  t h e  cond i t ion  

of t h e  e l e c t r o d e  su r faces  was f u r t h e r  v e r i f i e d  by exposing previous ly  

c l e a n  e l e c t r o d e s  e i t h e r  t o  the atmosphere o r  t o  oxygen a t  a pressure  of 

Torr .  Current  f l u c t u a t i o n s  immediately reappeared; t o  e l imina te  

them, i t  w a s  necessary t o  rehea t  t h e  e l e c t r o d e s  t o  16OO0C. 

p a r t i c u l a r l y  s i g n i f i c a n t  is t h a t  t he  cond i t ion  of t h e  anode has such an 

important e f f e c t  on the  uns tab le  mode of ope ra t ion ,  which i s  he re  seen t o  

be a s soc ia t ed  wi th  the  p r o l i f e r a t i o n  of small whisker - l ike  p ro jec t ions  a 

What seems 

* 
This l ine of i nves t iga t ion  w a s  suggested i n  p a r t  by the  r e s u l t s  

of Pivovar and G ~ r d i e n k o ~ ~  r e l a t i n g  the i n i t i a t i o n  of so -ca l l ed  "microdis- 

charges" t o  e l ec t rode  su r face  condi t ions .  Indeed, some f e a t u r e s  of t h e  

uns t ab le  mode observed i n  our work a r e  s imilar  t o  t h e  behavior descr ibed  

as "microdischarges" by Pivovar and Gordienko, and our explana t ion  may 

be app l i cab le  t o  t h e i r  observa t ions .  
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A t e n t a t i v e  p i c t u r e  which emerges from our experimental  observa- 

t i o n s  is as fol lows.  

anode provides  a condi t ion  for  the very  s i z e a b l e  product ion of ions34 a t  

t h e  anode s u r f a c e  due t o  e l e c t r o n  bombardment. These ions s t r i k e  t h e  

cathode wi th  ene rg ie s  corresponding t o  t h e  t o t a l  app l i ed  vol tage  between 

t h e  e l e c t r o d e s  and c r e a t e  s i tes  f o r  t h e  growth of whiskers which are 

r a t h e r  d i f f e r e n t  i n  phys ica l  c h a r a c t e r i s t i c s  from those formed by o t h e r  

mechanisms. Some of t hese  whiskers are presumably c rea t ed  wi th  an 

enhancement f a c t o r  such t h a t  the l o c a l  f i e l d  exceeds the  c r i t i c a l  f i e l d  

and they  are r a p i d l y  destroyed.  The s i z e  of t h e s e  micro-pro jec t ions  

are a t  least  10 times smal le r  and the  volume of material i s  t h e r e f o r e  

1000 times less than  those  usua l ly  a s soc ia t ed  wi th  breakdown. The d i s -  

c o n t i n u i t i e s  i n  c u r r e n t  can be a t t r i b u t e d  t o  a sequence of minor break- 

downs a t  random i n t e r v a l s ,  the  smaller  s i z e  of t he  p ro jec t ions  account ing 

f o r  t he  f a c t  t h a t  v i s i b l e  f l a shes  are no t  observed. 

The presence of an oxidized o r  otherwise contaminated 

I V .  Modified F i e l d  Emission Microscope S tud ie s  

Much of t he  i n t e r e s t i n g  and va luab le  work on f i e l d  emission and 

were 28,29,30 e l e c t r i c a l  breakdown c a r r i e d  out by Dyke and h i s  co l leagues  

c a r r i e d  out  w i t h  a convent ional  Mueller f i e l d  emission microscope (FEM) 

incorpora t ing  a tungsten p o i n t  cathode. The r e s u l t s  of Brodie and 

WeissmanZ6 ind ica t ed  t h a t  a similar t o o l  could be used f o r  broad area 

ca thodes ,  The p resen t  s t u d i e s  of f i e l d  emission p a t t e r n s  from a b lun t  

cathode were c a r r i e d  out  by s u b s t i t u t i n g ,  f o r  t he  po in t - emi t t e r  i n  a con- 

ven t iona l  FEM, a tungs ten  cathode of the  same s i z e  (.007 em d i a )  as those  

used i n  t h e  electron-microscope s t u d i e s .  When the  appl ied  vo l t age  w a s  then  
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r a i s e d  t o  a s u f f i c i e n t l y  h igh  va lue ,  f i e l d  emission w a s  drawn t o  the  anode, 

a metal-backed f luo rescen t  screen,  thus  providing a magnified imago of 

t h e  reg ions  of t he  cathode from which the  e l e c t r o n  c u r r e n t  originated. ,  

This  made it poss ib l e  t o  s tudy s imultaneously the  cu r ren t -vo l t age  charac-  

t e r i s t i c s  and the  p rope r t i e s  of l oca l i zed  emi t t i ng  s i t e s  

The experimental  arrangement involved s tandard  u l t r a h i g h  vacuum 

techniques.  

system, followed by hea t ing  t h e  cathode t i p  and i t s  h a i r p i n  support  t o  

about  16OO0C. 

be maintained a t  pressures  below lo-’ Torr  f o r  the dura t ion  of the  run ,  

A photograph of a t y p i c a l  emission p a t t e r n  i s  shown i n  F igure  

Typical  t rea tment  included a 4OO0C bakeout of t he  e n t i r e  

Af t e r  a c a r e f u l  outgassing of t h i s  type ,  the system could 

-6 13.  This  was taken wi th  a t o t a l  emission c u r r e n t  of approximately 10 A ,  

4 and an appl ied  vol tage  of about 10 V. The t o t a l  p a t t e r n  w a s  charac-  

t e r i s t i c a l l y  made up of a number (from one t o  t e n  o r  more) of wel l -def ined  

patches of i l l umina t ion ,  each patch being a t t r i b u t e d  t o  a given p r o j e c t i o n  

on the  cathode. With commercially drawn tungsten w i r e  a s  the  cathode 

material ,  the  image from a given s i t e  never produced the  symmetrical 

p a t t e r n  a s soc ia t ed  wi th  a rounded s i n g l e  c r y s t a l  po in t - emi t t e r .  Such 

symmetrical p a t t e r n s  were observed only i n  one experiment,  i n  which t h e  

cathode was f a b r i c a t e d  by vapor depos i t i on  of t he  tungsten i n  an e f f o r t  

t o  a t t a i n  an uncontaminated source e 

A s  the  appl ied  vol tage  was r a i s e d ,  a new i l lumina ted  patch would 

appear on occasion,  as i f  a pro t rus ion  had been c r e a t e d  o r  suddenly 

elongated.  The occurrence of breakdown w a s  t y p i c a l l y  accompanied by the  

disappearance of one o r  more patches,  and occas iona l ly  by t h e  appearance 
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Figure  13. 

Typica l  p a t t e r n  observed w i t h  t h e  modified 
f i e l d  emission microscope. 
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of new emission s i t e s .  Following t h e  disappearance of any o r  a l l  of t he  

s i t e s ,  new s i tes  could i n  any case be generated by r a i s i n g  the  appl ied  

vo l t age  e 

The cu r ren t -vo l t age  c h a r a c t e r i s t i c s  observed wi th  the  modified 

FEM were similar i n  genera l  cha rac t e r  t o  those descr ibed  f o r  broad a rea  

 electrode^.^^ One of t h e  most i n t e r e s t i n g  was the  observat ion t h a t  the  

c u r r e n t  followed a Fowler-Nordheim r e l a t i o n s h i p  q u i t e  independent of t he  

number of emi t t i ng  s i t e s .  A s  the t o t a l  emission c u r r e n t  increased  wi th  

inc reas ing  appl ied  vo l t age ,  t he  b r igh tness  of each of t he  major patches 

of i l l umina t ion  became correspondingly more in t ense .  Although the  F-N 

p l o t  of t he  cu r ren t -vo l t age  c h a r a c t e r i s t i c s  i n  such a run y i e lded  a s t r a i g h t  

l i n e ,  it was demonstrated t h a t  s eve ra l  p ro j ec t ions  were con t r ibu t ing  tcj the  

t o t a l  emission from the  cathode.  This  i s  a t  var iance  with the  conclusion 

t h a t  a s t r a i g h t  l i n e  Fowler-Nordheim curve n e c e s s a r i l y  implies  a s i n g l e  

e m i t t i n g  source ,  and c a l l s  f o r  a d i f f e r e n t  explana t ion .  
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The cur ren t -vol tage  c h a r a c t e r i s t i c s  were s t a b l e  and reproducib le ,  

bu t  random c u r r e n t  f l u c t u a t i o n s  were observed which were very  similar t o  

those  descr ibed  f o r  t he  small gap e l e c t r o d e s  when ope ra t ing  in  the  'IF-N" 

mode. The observa t ion  of t he  FEM p a t t e r n  a t  h igher  f i e l d s  d id  not  show an 

enhanced product ion of randomly loca ted  whiskers as had been d e f i n i t e l y  

ind ica t ed  wi th  the smal l  gap e l ec t rodes .  Rather ,  the  f l u c t u a t i o n s  i n  cur -  

r e n t  were found t o  be accompanied by a f l i c k e r i n g  of l oca l i zed  s p o t s  w i th in  

t h e  "patches" of i l l umina t ion  r e f e r r e d  t o  above. These small b r i g h t  s p o t s  

p e r i o d i c a l l y  disappeared and then reappeared,  t y p i c a l l y  i n  p r e c i s e l y  the  

same loca t ion .  By monitoring the l i g h t  from such a spo t  w i th  a l i g h t -  

s e n s i t i v e  d e t e c t o r  and comparing t h e  r e s u l t i n g  s i g n a l  wi th  t h a t  due t o  t h e  
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t o t a l  emission c u r r e n t ,  a d i r e c t  c o r r e l a t i o n  i n  time w a s  a sce r t a ined .  The 

f l u c t u a t i o n s  i n  both t h e  l i g h t  i n t e n s i t y  of a given a p t  and the  t o t a l  

measured emission c u r r e n t  produced f l a t - topped  pulses  on the  osc i l l o scope  

t r a c e .  H i s  

exp lana t ion  t h a t  the  "winking" spo t s  a r e  due t o  the  a l t e r n a t i v e  adsorp t ion  

These f l u c t u a t i o n s  are s i m i l a r  t o  those observed by B r ~ d i e . ~ ~  

and desorp t ion ,  a t  a given s i t e ,  of ind iv idua l  atoms o r  molecules seems 

c l e a r l y  j u s t i f i e d .  

The observed f l u c t u a t i o n s  i n  the  c u r r e n t  i n  the modified FEM 

were c l e a r l y  a s soc ia t ed  e i t h e r  with gas impur i t i e s  i n  the  vacuum system o r  

bulk impur i t i e s  i n  the  commercially drawn tungsten w i r e  from which the  

cathode w a s  cons t ruc ted .  I n s t a b i l i t i e s  were g r e a t l y  reduced, e i t h e r  i f  

t he  cathode w a s  outgassed f o r  long per iods  of t i m e  a t  very h igh  tempera- 

t u r e s  o r  when a sample of u l t r a  pure tungsten w a s  s u b s t i t u t e d  a s  t he  

cathode ma te r i a l .  

V. Summary 

-. .lne r e s u i t s  presented here  g ive  a d d i t i o n a l  suppor t ing  evidence 

f o r  the  model f o r  t he  i n i t i a t i o n  of e l e c t r i c a l  breakdown based on f i e l d  

emission from sharp  submicroscopic p r o j e c t i o n s .  The e l e c t r o n  microscope 

observa t ions  served t o  i d e n t i f y  t h r e e  mechanisms f o r  t h e  formation of 

such whiskers:  (1) the  deformation of the  e l e c t r o d e  su r face  a s s o c i a t e d  

wi th  d i r e c t  mechanical c o n t a c t ,  (2)  the  breakdown process i t s e l f ,  and 

(3) the  t r a n s f e r  of charged p a r t i c l e s  from a contaminated e l e c t r o d e  ., 

Fluc tua t ions  i n  predischarge c u r r e n t s  have been a s soc ia t ed  wi th  

contamination of e i t h e r  o r  both e l e c t r o d e s .  One source of t hese  f l u c t u a -  

t i o n s  seems c l e a r l y  t o  be a t t r i b u t a b l e  t o  the  adsorp t ion  and desorp t ion  of 
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atoms o r  molecules a t  e m i t t i n g  s i tes  on t h e  cathode. Such f l u c t u a t i o n s  

appear as a square-wave modulation of t he  predischarge f i e l d  eiiiiasion 

c u r r e n t .  In  add i t ion ,  these  experiments have p o s i t i v e l y  v e r i f i e d  t h a t  t he  

cond i t ion  of the  anode may play a s i g n i f i c a n t  r o l e  i n  in t roducing  a d d i t i o n a l  

major f l u c t u a t i o n s  i n  cu r ren t .  Associated wi th  t h i s  second type of f l u c t u a -  

t i o n  w a s  t he  p r o l i f e r a t i o n  of small  whisker- l ike p ro jec t ions  on both 

e l e c t r o d e s .  The above f l u c t u a t i o n s  i n  c u r r e n t  could be g r e a t l y  reduced 

only by previous ly  c leaning  both e l e c t r o d e s  by thermal hea t ing .  

The p r o l i f e r a t i o n  of small whiskers under contaminated cond i t ions  

has  been a sce r t a ined  only i n  a l imi ted  number of experimental  observa t ions  

Fur the r  s t u d i e s  of t h i s  phenomenon a r e  c u r r e n t l y  under way. 
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